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In his iconic treatise “Outliers”, Malcolm Gladwell proposed the golden rule of 10,000 hours, 
which suggest that the key to success in any field has little to do with talent but simply practice 
and time; 10,000 hours of it in fact – roughly 20 hours a week over 10 years. 
In my case, it took about 12 years (6 years thinking about doing my PhD, and 6 years to 
actually do it), only because I was distracted by so many other activities, projects, dive trips and 
the occasional cat under the block. And let’s throw in little more than a bit of laziness and inertia 
too, because those were really the reasons for the two extra years. Thankfully though, the folks 
around me are a rather forgiving bunch and have not reminded me of those shortcomings too 
much.  
Twelve years is a long time and in which I’ve crossed paths with so many people who have, 
in some way or another, made a difference in my life.  And I would like to thank each and every 
one, who shall all remain nameless as I don’t want to exceed two pages for my 
acknowledgement (and also because my memory will prevent me from remembering many 
names), because I truly believe that I was blessed by just having had the opportunity to interact 
with you, and in all likelihood, learned something in the process.  
And with that single paragraph swoop, I’ve covered several hundred people. So now I’ll 
focus on the specific few whom I’d like to give special thanks to.  
Like most biologists, I am a rather spiritual person. How can one not be when working with 
nature? However, I manifest my spirituality in the belief of a higher being, God, in whom I’ve 
found immense consolation, counsel, comfort, courage, encouragement and hope. Whenever I 
stumbled, the times I got back up stronger than ever were the times when I let go, and let God. Si 
Deus pro nobis quis contra nos. 
In a parallel lifetime, I’d probably have been holding up democracy banners and fighting for 
freedom and the rights to opportunity. Thankfully, I was spared that reality because of two 
people who made the sacrifice to leave their good lives behind so their children could have 
theirs. I call them mum and dad. You are my heroes. I love you, I honour you and I adore you.  
Not many people can fully appreciate the concept of a mentor until they’ve worked with 
Professor Chou Loke Ming, who is the epitome of patience, understanding and support, who’s 
always given opportunities, and never afraid of letting his mentees take flight. You’ve led by 
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example Prof., I am forever grateful for your wisdom, advice and tutelage. It has been an honour 
to be part of your Reef Ecology Lab for 18 long but wonderful years that have gone by too fast. 
If anyone’s watched the American Pickers, they’d be familiar with Frank Fritz’s penchant for 
“bundling”. And in that same spirit, I would like to offer this extra-large-upsized-coming-
straight-from-the-heart “thank you bundle” (and it comes with fries) to my best pals Shu Fen, 
Berns and Arl (you girls never judged); my inspiring sister Marlar and my brother-in-law 
Benoit; my brothers Jude and Andrew; my wonderful extended Goh family who have lovingly 
embraced me as part of theirs; and my ever-so-present NUS, WorldFish Center, DHI and NParks 
friends, again too many to name in a few pages but I hope you all know who you are, and in case 
you don’t, I will personally thank you when I see you. But just so you know nil ego contulerim 
jocundo sanus amico. 
When confronted with a challenging task such as this, it is always comforting to know that 
you’ve got a solid base to fall back on. I have been fortunate to have DHI Water & Environment 
Singapore as one of my solid bases; I am grateful for the support and the freedom to explore and 
test out new methods and techniques which have all been integral in my research. Nani 
gigantum humeris insidentes. 
A wise person once counselled, when I was very much dejected and in low spirits, to be 
patient and hopeful so that I will be ready when I find my Scorpio, my soul-mate, because he is 
out there, somewhere, waiting for me to find him. I didn’t know you were a clairvoyant Mrs 
Renee Chou, but you must have been, because every day since 2002, I thank providence for 
bringing Eugene into my life (Ferris and Jake thanks providence too). You’re my silent 
awesomeness who’s been the proverbial wind beneath my wings, and I could not have achieved 
this without your love, support, advice, help and patience. Especially patience, because you 
know how infinitely distracted I can be (“roller-fins” come to mind), but it never mattered. 
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“The corals have not given up, and so neither should we (give up on them).” 
~ Chou Loke Ming ~ 
 
My dissertation research provided me the opportunity to study Singapore’s coral reef in 
detail. The surveys that were conducted at almost all coral reef areas in Singapore as part of the 
LIT and PIT methods comparison study and the development OPTM also provided the 
opportunity to better understand Singapore’s coral reef environment, especially the observed 
temporal changes and long-term trends in hard coral cover that were largely influenced by 
intensive coastal activities spanning the last five decades. 
Although the assessment of Singapore’s remaining sub-tidal coral reef areas indicate that 
our rich coral reef diversity is precariously housed within a sliver of reef just over 1.1km2 in 
area and bounded by some of the most intensive coastal development activities, it was also 
evident that the remaining shallow coral reefs are still healthy with good reproductive potential 
and hydrodynamic connectivity. At the current status quo, the long term survival of Singapore’s 
coral reefs can be maintained, but it will largely depend on how well the country manages the 
multitude of current and future coastal activities and the impacts arising from them. This would 
require a holistic management approach that looks at preserving as much of the remaining sub-
tidal coral reef areas while addressing issued related to the management of anthropogenic 
activities and the implementation of long-term restoration programmes. 
For my dissertation research, I focused on developing tools that will be useful to coral reef 
managers in Singapore. The process required a comprehensive reassessment of benthic survey 
methods, from which several current limitations were identified and enhancements that are 
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easily integrated into current survey and monitoring programmes, including a transition from 
the LIT to the PIT recording method, proposed. A modular approach for all current and future 
survey and monitoring programmes is also proposed which includes 13 recommended primary 
indicators that are recorded using a modular “opt-in” or “as-it-happens” approach in a recording 
scheme that will allow all 13 recommended indicators to be captured while only recording the 
bare minimum of indicators. 
An assessment of coral reef indicators and metrics also indicated the general lack of locally 
relevant diagnostic tools, and in my research, I have proposed and developed two new 
diagnostic indicators for Singapore that can be easily incorporated into current survey and 
monitoring programmes.  
With its increasing use in regulatory and compliance monitoring programmes especially in 
the US and Australia, the important role of biocriteria in assessing and quantifying changes in 
coral reef condition is becoming more apparent, especially in Singapore and Southeast Asia. I 
have proposed a biocriteria monitoring framework for Singapore, which incorporates the suite 
of recommended indicators that are benchmarked with a newly developed suspended sediment 







“Faced with the widespread destruction of the environment, people everywhere are 
coming to understand that we cannot continue to use the goods of the earth as we have in 
the past … A new ecological awareness is beginning to emerge which rather than being 
downplayed, ought to be encouraged to develop into concrete programs and initiatives.”  
~ Pope John Paul II, 1989 ~ 
 
Coral reefs are biological entities built on a mineral foundation and influenced by their 
immediate physical and chemical environment to form complex three-dimensional structures 
that are among the most biologically rich and productive ecosystems on earth, supporting an 
estimated 25% of marine species in less than 0.1% of the ocean seascape (McAllister, 1995  in 
Bryant et al., 1998).  The modern reefs of today thrive within narrow photic zones across the 
world’s tropical oceans and within narrow environmental requirements of temperature, 
salinity, pH and light availability, making them extremely vulnerable to even the smallest 
change in these variables (Spalding et al., 2001).  
The importance of coral reefs to the livelihoods of coastal communities and global food 
security cannot be overemphasized and has been given widespread coverage in scientific 
literature and main-stream media (e.g., see Cesar, 2000; CORDIO, 2000; Costanza et al., 1997; 
Jokiel & Rodgers, 2005; Moberg & Folke, 1999; NOAA, 2011). It is estimated that coral reefs 
provide goods and services in the form of tourism revenue, fisheries resources, building 
materials and coastal protection worth in excess of US$30 billion annually (Ahmed et al., 2005; 
Hoegh-Guldberg, 1999).  
The world Resources Institute (WRI) estimates that approximately 850 million people live 
within 100km of coral reefs and are likely to derive some benefits from them, with almost a 
third, some 275 million, considered as reef associated populations living within 10km of the 
coast and 30km of reefs, and almost half of these populations are centered in Southeast Asia 
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(Burke et al., 2011). The United Nations Development Programme (UNDP) report on human 
development (UNDP, 2002) surmised that significant proportion of populations that are 
dependent on coral reefs live in poverty, reflecting the parallel statistics that two-thirds of all 
countries with coral reefs are developing countries of which one quarter are among the least 
developed countries. 
1.1 The changing global coral reefscape 
Coral reefs have always been resilient ecosystems; they have evolved and undergone 
numerous cycles of decline and regeneration over hundreds of millions of years (Veron, 1995) 
and have always coped with and adapted to the recurring disturbances to survive, in their most 
glorious forms, to their modern day manifestations. Unfortunately, coral reefs, together with her 
sister habitats and ecosystems the world over are in serious trouble; where they once flourished 
and dominated shallow-water tropical coastal and marine environments, they are now declining 
rapidly at unprecedented rates and are in real danger of disappearing in the foreseeable future 
as the rate and nature of current environmental changes are frequently exceeding the ability of 
coral reef organisms and communities to adapt and change with them (Buddemeier et al., 2004; 
Burke et al., 2011; Risk, 1999; Whittingham et al., 2003; Wilkinson, 2008; WMO, 2010).  
The Status of Coral Reefs of the World: 2008 reports estimates that “the world has effectively 
lost 19% of the existing area of coral reefs; that 15% are seriously threatened with loss within the 
next 10–20 years; that 20% are under threat of loss in 20–40 years” (Wilkinson, 2008). As a 
result, near-shore coral reef systems, especially those adjacent to or within the wider impact 
footprint of coastal communities and cities, are seeing significant phase-shifts in their baselines 
from historical high-coral dominated reefs to the current algal dominated reef systems (Brown 
et al., 2002; Done, 1992; Green et al., 1997; Hughes, 1994; Knowlton & Jackson, 2008; Norström 
et al., 2009; van Der Meij et al., 2010; Worm et al., 2006; Yap, 1997). In the Indo-Pacific region 
alone, Bruno & Selig (2007) estimated that the condition of less than 2% of the reefs resemble 
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their presumed historical coral baselines characterized by high coral cover of >60%.  In most 
instances, the declines are a direct response to deteriorating water quality associated with 
coastal development activities including coastline modification, land-clearing, construction, 
pollution and off-shore dredging and can have devastating economic effects on developing 
nations (Bellwood et al., 2004; Fabricius, 2005; Fabricius et al., 2011; Gilmour et al., 2004; 
Golbuu et al., 2011; Hughes & Connell, 1999; Tilman et al., 2001; Vitousek et al., 1997). 
The reasons for the recent decline are many, and are covered extensively in many reviews 
and reports (e.g., see Bell et al., 2006; Bellwood et al., 2004; Whittingham et al., 2003; Wilkinson, 
1999; Wilkinson, 2008; WMO, 2010) and will not be further discussed in this dissertation, 
except to conclude that the rapid coral reef decline generally coincided with global population 
explosion that began in the 1950’s (UN, 2004), especially in less-developed countries, with  
concurrent advancements in information technology, engineering solutions, medicine, life 
sciences and global consumption; all ingredients that, acting together, have produced a potent 
concoction of social and environmental interactions that have contributed to the rapid decline 
of much of the world’s natural systems, including coral reefs.  
The 2011 Reefs at Risk Revisited report (Burke et al., 2011) suggest that local pressures like 
overfishing, coastal development and pollution pose the most immediate and direct threat to 
over 60 percent of global coral reef systems, with the pervasive impacts of global climate change 
compounding these local threats. In the decades to come, climate related stressors like 
increasing ocean temperature and acidity are predicted to have a major influence on the future 
sustainability and viability of coral reefs, and if these stressors are allowed to continue on its 
predicted trajectory at the current business-as-usual scenario, we may see a massive 
contraction in global coral reef distribution (De’ath et al., 2009; Fabricius et al., 2011; Hoegh-
Guldberg, 2011; Nakamura et al., 2011; Wild et al., 2011; WMO, 2010). 
Among coral reef regions, local threats were assessed to be most severe in Southeast Asia 
with nearly 95% of reefs classified as threatened, and almost 50 percent of these in the high or 
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very high threat categories (Burke et al., 2011). The types of threats also varied between the 
countries; Indonesia and the Philippines, the two largest coral reef countries in the region, also 
have the largest areas of threatened reefs, with overfishing and destructive fishing identified as 
the primary drivers (Nanola Jr. et al., 2005; Suharsono, 2005; van der Meij et al., 2010). 
Coincidently, these two counties also support the highest densities of coastal populations 
employed in fisheries and aquaculture, and who are also amongst the poorest of communities 
(Whittingham et al., 2003). Threats from coastal development are most prevalent amongst 
urban population centers, with reefs adjacent to coastal megacities like Jakarta and Manila, as 
well as island nations like Brunei and Singapore, at highest threat levels (Chou, 2011; Tun et al., 
2008; Appendix A.1.1).  
The scientific community has thrown down the gauntlet and warned that if no immediate 
and tangible actions are taken to curb the rate of global coral reef decline, the world will be 
faced with the grim reality of seeing over 90% of her reefs threatened by 2030, and nearly all 
reefs at risk by 2050 (Wilkinson, 2008). The consequences of global coral reef decline will be far 
reaching and felt across all strata of society, but all the more by populous coastal communities 
who continue to depends directly or indirectly on coral reefs for their livelihood (Whittingham 
et al., 2003).  
At the same time, the pace of scientific knowledge acquisition and particularly, their 
translation to useful management tools has barely kept abreast with coral reef decline, leaving 
many unanswered questions and knowledge gaps and challenging coral reef management 
efforts the world over (Richmond & Wolanski, 2011; Sale, 2008). This has to be addressed 
within the wider geographic landscape of global coral reef research concentration, which, based 
on a review by Fisher and colleagues (Fisher et al., 2011), indicate that research efforts was 
highest in Eastern Australia, the Caribbean, the tropical western Atlantic, the Northwest Pacific 
and Polynesia, and lowest in the Central Indo-Pacific region. 
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The realities are daunting and the call to action has been made repeatedly. The future of 
humankind is intrinsically linked to the preservation of the natural environment, and immediate 
and effective management actions are needed to slow down, halt and even reverse the current 
decline. 
Although previous and existing large-scale global and regional coral reef monitoring and 
management have important roles in the overall coral reef management and conservation 
landscape, effective management really begins at the local level. The good news is that a slew of 
tools have been developed to monitor and assess the status of coral reef environments, and 
include manuals and guidelines on applying various survey techniques at the community, 
individual, cellular and molecular levels. The tricky part however, is translating these scientific 
tools into relevant management tools.  
To put the process of linking science to the management of coral reefs at the local level into 
context, I chose the coral reefs of Singapore as a case study, which, given its small size, dense 
urban population, developed economy, tiny coral reef extent, fledging resource management 
landscape, and status as one of the world busiest ports with one of the largest offshore 
petrochemical industries, all within a limited marine territory (port limit) of 541km2 (2012 
estimate, this study, based on latest GIS land profiles), provides an ideal backdrop for 
investigating my dissertation objectives. 
In Singapore, the main identified threat to coral reefs is coastal development (Burke et al., 
2011; Chou, 2006), with sediment related stressors originating from various coastal activities 
like coastline modification, land reclamation, dredging and propeller wash recognized as the key 




1.2 Addressing the coral reef crisis 
Against this backdrop of changing global reef-scape, urgent calls for effective assessment 
methods and management intervention have been made by all levels of stakeholders (Bellwood 
et al., 2004; Mumby & Steneck, 2011; Sale, 2008; Wilkinson, 2008), and although the scientific 
community has responded with the development of various survey methods (e.g., see Hill & 
Wilkinson, 2004), assessment guidelines (Birkeland, 1998; Fisher et al., 2008; Hallock et al., 
2004; Jameson et al., 2003; Marshall & Schuttenberg, 2006; McMellor, 2007; Risk et al., 2001), 
analyses routines (Carleton & Done, 1995; Hoare & Tsokos, 2009; Lirman et al., 2007) and 
management strategies (Arias-González et al., 2011; Done, 2008; Hatcher, 1999; Mumby & 
Steneck, 2008; Sale, 2008), coral reefs continue to decline, exacerbated by natural events like 
Acanthaster planci outbreaks (Lane, 2011), coral disease (Bruno et al., 2007; Williams et al., 
2010) and global mass coral bleaching triggered the El Nino Southern Oscillation (ENSO), which 
have increased in intensity and frequency in the last 2 decades (Anthony et al., 2008; Burt et al., 
2011; Hoegh-Guldberg, 1999; McClanahan, 2000; Siebeck et al., 2006). 
Although the problems and impacts associated with coral reef decline are well documented 
globally, almost no progression from problem identification, evaluation and quantification to 
tangible solutions have been made, observed McClanahan (2011) in a comprehensive literature 
review of coral reefs and human resource use and fishing. In almost all cases, he noted that the 
solutions provided were more descriptive rather than prescriptive. For example, 
recommendations to reduce or eliminate impacts but not specifically elaborating how they can 
be done; reducing human populations but not detailing how it can be achieved in the 
communities of interest; or to create no-take marine protected areas (MPAs) but not 
elaborating on the mechanisms for implementing them. Of course, no single manuscript or 
manual can serve as a panacea for solving coral reef problems, but the general inability to 
impede coral reef decline is frustrating to stakeholders.  
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Another observation is that the recommended actions for coral reef conservation tend to 
focus on “big issue” challenges with limited attention given to addressing challenges associated 
with managing development activities at the local level during their operational phases, which, 
as in the case for Singapore, tend to be the main drivers for reef degradation (Chou, 2006; Hilton 
& Manning, 1995). For example, in the Status of Coral Reefs of the World: 2008 reports, 
Wilkinson (2008) summarised that the most urgent recommendations made by 372 authors 
and contributors to the reports were: urgently combating global climate change; maximizing 
coral reef resilience; scaling up management of protected areas; including more reefs in MPAs; 
protecting remote reefs; improving enforcement of MPA regulations and helping improve decision 
making with better ecological and socio-economic monitoring. What stood out from the list was 
the lack of recommendations highlighting the need for strengthening institutional mechanisms 
and legislative frameworks for managing coastal development activities as well as improving 
the tools for regulatory and compliance monitoring, which, given the rapid development of 
coastal zones the world over, is a much needed action to combat the immediate threats to coral 
reefs from unregulated and unmanaged development works. This was however, captured in the 
recently published Reefs at Risk Revisited report (Burke et al., 2011), which highlighted, among 
others, the management of coastal development, reduction of watershed-based and marine-based 
pollution and damage, scientific research  and  policy support as specific action items to increase 
reef resilience and mitigate climate-related threats. 
There is need for science to therefore move from problem identification to providing 
specific solutions for the myriad of coral reef degradation problems in a way that involves the 
broader coral reef stakeholder community while retaining scientific vigour at its core 
(McClanahan, 2011). To do so, science must be able to provide clear evidence that links coral 
reef declines to specific anthropogenic pressures at local, regional and global scales (Downs et 
al., 2005).  
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Progress has been made in this area within developed countries with longer histories in 
coral reef management, larger pool of expertise, stronger institutional framework and greater 
funding, e.g., in the United States and Australia, but is still lagging behind in many developing 
countries. In the United States the National Oceanic and Atmospheric Administration (NOAA) 
Coral Reef Conservation Programme (CRCP) is a federally funded programme that brings 
together expertise from across NOAA for a multidisciplinary approach to managing and 
understanding coral reef ecosystems to support their effective management. Through the 
programme, numerous products and tools on a variety of coral ecosystem topics have been that 
have applications in the United States and beyond. In Australia, the Australia Research Council’s 
(ARC) Centre of Excellence for Coral Reef Studies undertakes integrated research for 
sustainable use and management of coral reefs through research, and has produced a staggering 
number of scientific publications since its formation in 2005, in addition to numerous coral reef 
management tools. 
This need has not gone unnoticed within the Southeast Asian region as well, and numerous 
programmes focusing on both research and management aspects were initiated to specifically 
tackle this need. Notable among them is the Global Environment Facility’s Targeted Research 
and Capacity Building for Management (CRTR) program, a leading international coral reef 
research initiative that provided a coordinated approach to credible, factual and scientifically-
proven knowledge for improving coral reef management through the production of a range of 
knowledge and lessons learned products targeted at coral reef researchers, managers and 
policy makers. Much of the products from the projects are directly linked to the products from 
the ARC Centre of Excellence for Coral Reef Studies. Similarly, the concluded United Nation 
Environment Program’s  (UNEP)/GEF  South China Sea (SCS) project was a regionally 
coordinated programme of action designed to reverse environmental degradation particularly 
in the areas of coastal habitat degradation and loss, land-based pollution, and fisheries through 
the implementation of demonstration activities at sites of regional and global significance as 
well as pilot activities relating to alternative remedial actions to address priority trans-
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boundary pollutants and adopted water quality objectives and standards. Outputs from the 
project included the preparation of a “Strategic Action Programme for the South China Sea” as 
well as manuals, guidelines, training materials and reference guidebooks. However, unlike the 
U.S. and Australian programmes, these donor-funded programmes come with a finite project 
lifespan, which, as with many other donor-funded programmes, runs the risk of losing relevance 
after the programme ceases. Maintaining such programme beyond its external funding cycle is 
always a challenge unless it is taken aboard by national or regional entities. 
Interestingly, despite the knowledge that have been gained and the plethora of information 
generated from it, there has limited uptake in translating science to management applications, 
especially within countries in Southeast Asia. There is really no compelling reason for this lack 
of uptake, except for, perhaps, inertia - countries that already have some form of on-going long-
term institutional monitoring programmes, or those that depend on volunteer or community 
based monitoring programmes to provide ecological data, do so using established survey 
methodologies – in Southeast Asia, this would typically be the English et al. (1997) line intercept 
transect (LIT) or the Reef Check benthic survey methods – and with the limited funding, 
expertise and manpower resources often associated with long-term monitoring programmes, 
there is little impetus to change or improve existing methodologies. This is unfortunate since 
much can be gained from utilizing the myriads of available tools in designing and implementing 
superior monitoring programmes that go beyond the current practice of status reporting based 
on descriptive science. 
In a viewpoint paper discussing shifting the paradigm of coral reef “health” assessments, 
Downs et al. (2005) surmised that if we are to work towards a reality where coral reef decline 
can be halted or even reversed, we need to move beyond the current paradigm of descriptive 
status assessments and “embrace a paradigm that promotes both descriptive and mechanistic 
science to recognize a problem, and recognize it before it becomes a crisis.” This, in essence, is the 
core driver for influencing any tangible shift in the way coral reefs are assessed and managed. 
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1.3 Paradigm shift: from descriptive to diagnostic assessments 
To realize this paradigm shift goal, the coral reef community will need specially constructed 
tools that will allow the collection of relevant suites of diagnostic data from any combination of 
on-going or planned survey and monitoring programmes that will both address the specific 
issues or stressors identified within the reefs of interest and allow new ecological or 
environmental variants to be detected and measured. At the same time, the assessment 
methods need to be consistent, reliable, quantifiable, and allow accurate comparisons within 
and between reef systems. Such tools will require a structured implementation framework that 
will also allow a good measure of flexibility if they are to be effective across space and time. 
A good starting point towards achieving this goal is to look at what data is being collected, 
how they are collected, by whom, and for what purpose. Traditional descriptive status 
assessments focused primarily on assessing changes in species composition, abundance and 
cover of keystone taxa or benthic constituents (Connell et al., 1997; Done, 1977; Fabricius et al., 
2007; Hughes & Connell, 1999; McClanahan et al., 2002), and although they provide useful and 
important descriptive narratives for determining changes in community dynamics and 
detecting spatial and temporal patterns, they are in effect post-mortem assessment methods and 
only detect a disturbance after the community is altered, and usually without sufficient evidence 
to link cause and effects.  
What are needed therefore are more diagnostic techniques integrated into current survey 
and monitoring programmes that will not only provide descriptive assessments but also to 
allow stress responses to be detected and evaluated before impacts can begin to degrade a 
community (Brown & Howard, 1985; Bradley et al., 2009; Fisher et al., 2008; Jameson et al., 
2001; Risk et al., 2001). Such early detection of stressors can lead to the development of 
preventive management actions through the application of biological criteria (biocriteria), and 
can eventually lead to the formulation of relevant policy and legislation geared toward 
managing human impacts on coral reef and other coastal ecosystems.  
11 
 
1.4 Overview of dissertation research 
1.4.1 Objectives and approach 
The main objective of this dissertation research is to facilitate a paradigm shift from the 
descriptive monitoring approach currently employed in Singapore to a more diagnostic 
monitoring approach, where the biological conditions of coral reefs are assessed and tracked 
using metrics that integrate responses to key stressors and benchmarked against a suite of 
locally relevant biocriteria in an effort to help guide curative, restorative, preventive or pre-
emptive management actions to protect the coral reefs from further damage and decline, 
followed the process for biocriteria developments originally proposed by Jameson et al. (1998) 
and further elaborated by Fisher (2007). 
My research therefore covered a wide range of areas from benthic surveys, methodology 
streamlining and enhancements, indicator and metric identification, field and manipulative 
aquarium experiments, biocriteria development and coral reef management considerations, 
which, combined, was too extensive to be included in this dissertation and thus, only essential 
components directly relevant to my main research objective have been included. All other 
research components have been or are currently synthesized into manuscripts for publications 
and are included, either as working abstracts or submitted manuscripts in the appendices. 
My specific research objectives were structured around answering these questions: 
1. What are characteristics, origins, significance and projected long-term trajectory of the 
environmental stressors that negatively impact the coral reef environments in 
Singapore? (Chapter 2)  
2. What kinds of coral reef data attributes are currently being collected, how and by 
whom? (Chapter 3) 
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3. What kinds of coral reef assessment metrics are currently being used to assess 
Singapore’s coral reef condition? Are they diagnostic? Can more diagnostic indicators be 
integrated onto on-going coral reef benthic survey protocols? (Chapter 4) 
4. How can currently benthic survey protocols be streamlined to optimize sampling effort 
while integrating diagnostic monitoring elements? (Chapter 5) 
5. What are the relevant candidate biocriteria that can be implemented to assess the health 
status of coral reefs in Singapore’s sediment-impacted coastal environment? (Chapter 6) 
6. What are the strategies for developing a modular benthic survey strategy that can utilize 
various coral reef assessment tools only when required without needing to change or 
increase the number of survey methods? (Chapter 6) 
 A narrative of my dissertation organization is outlined in the following Section 1.4.2. 
1.4.2  Chapter organization 
In this Chapter 1’s “Introduction”, I briefly discuss the importance of coral reefs, how they 
are rapidly declining amidst the myriad of natural and anthropogenic stressors they are 
currently subjected to, the actions that have been taken to halt their decline, the gaps that still 
exist in current assessment methods and the paradigm shift from a descriptive to a diagnostic 
monitoring approach that is needed to detect and evaluate stressor-related responses.  
In Chapter 2’s “A Critical Assessment of Singapore’s Coral Reef Environment”, I provide 
an overview of Singapore, her recent history and discuss the characteristics, origins, significance 
and projected long-term trajectory of locally impotent environmental stressors and their 
influence on corals and coral reef processes. I also review the country’s coral reef management 
framework and discuss the resource management conundrum that defined an amorphous 
management landscape which lagged behind economic development only until recently. I end 
the chapter with a detailed assessment of Singapore changing coral reefscape over four decades 
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of intensive coastal development, and discuss how diagnostic monitoring can find utility in 
Singapore’s future coral reef management landscape. 
In Chapter 3’s “Coral reef benthic surveys for monitoring and management”, I review the 
use and application of coral reef benthic survey methods, weigh in on the limitations of current 
coral reef survey methods, and outline a roadmap for achieving methods streamlining and 
integration of a diagnostic monitoring elements into various survey and monitoring 
programmes. 
In Chapter 4’s “Screening indicators and metrics for assessing changes in coral reef 
environments”, I review commonly used indicators and reef assessment metrics and discuss 
their utility in diagnostic monitoring. Using Singapore as a case study, I propose a suite of locally 
relevant metrics that better reflect reef current condition and provide more diagnostic 
capability in determining spatial and temporal trends, and the reef attributes that needs to be 
collected to populate these metrics.  
In Chapter 5’s “The Optimal poinT interval Matrix (OPTM) for facilitating streamlining 
of reef surveys”, I assessed the optimal point transition for point intercept transect surveys 
(PIT) in Singapore that will provide comparable accuracy and precision as the finer resolution 
line intercept transect (LIT) survey method for assessing reef attributes. I discuss the results of 
my methods comparison study, and the development of the optimal point interval matrix or 
OPTM, a decision support tool for selecting the most optimal point interval for PIT surveys that 
will meet the objectives of a survey or monitoring programme.     
In Chapter 6’s “Bio-criteria development for assessing the status of coral reefs in 
sediment impacted environments”, I review the relatively young field of biocriteria 
development and application in coral reef health assessments, and discuss its application in 
Singapore to assess responses of corals specifically to sediment related impacts. I discuss results 
of manipulative field and aquaria experiments used to develop a preliminary suite of locally 
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relevant bio-criteria, and provide an overview for incorporating its application into a multi-
metric approach for regulatory and compliance monitoring of coral reefs in Singapore. 




2 A Critical Assessment of Singapore’s Coral Reef 
Environment 
 
“A lot of people ask, 'Do you think humans are parasites?' People casually refer to humanity as a 
virus spreading across the earth. In fact, we do look like some strange kind of bio-film spreading 
across the landscape. A good metaphor? If the biosphere is our host, we do use it up for our own 
benefit. We do manipulate it. We alter the flows and fluxes of elements like carbon and nitrogen to 
benefit ourselves—often at the expense of the biosphere as a whole. If you look at how coral reefs 
or tropical forests are faring these days, you'll notice that our host is not doing that well right now. 
Parasites are very sophisticated; parasites are highly evolved; parasites are very successful, as 
reflected in their diversity. Humans are not very good parasites. Successful parasites do a very 
good job of balancing -using up their hosts and keeping them alive. It's all a question of tuning the 
adaptation to your particular host. In our case, we have only one host, so we have to be 
particularly careful.” 
~ Carl Zimmer, “The Power of Parasites” ~ 
 
2.1 Singapore in perspective 
Singapore is an island nation of approximately 714km2 (as of 2012; current study 
estimates), situated at the southern end of Peninsula Malaysia and approximately 140 km north 
of the equator, between latitudes of 10 09’ N and 10 29’ N and longitudes of 1030 38’ E and 1040 
06’ E (Chia et al., 1988). At her widest, Singapore stretches 44km from east to west and 23km 
from north to south with a coastline of approximately 190km, and marine territorial waters, 
based on port limits, of 541km2 (current study estimates; Figure 2.1).  
Singapore is a relatively young nation, gaining her independence from Malaysia in 1965 
(Chia et al., 1988). During the initial few decades following her independence, the focus was on 
nation building –housing, infrastructure, social integration, governance and economic 
development were priority issues as the nation worked towards building a robust, high value 
and resilient nation (Chia et al., 1988).  Today, Singapore is classified as possessing a "very high 
human development”, and was ranked 26th amongst 187 countries in the United Nations 2011 
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Human Development Index, which is comparative measure of life expectancy, literacy, 
education, and standard of living (UNDP, 2011). 
Singapore is among the most densely populated countries in the world; her population 
breached 5 million in 2010 and reached 5.18 million in 2011 (SingStat, 2011), and with a 
density of 7,283 per km2, Singapore ranked as third most populous nation behind Macau and 
Monaco (UNFPA, 2011). 
With Singapore’s strategic location at the conflux of waters arriving from the Indian Ocean 
and the South China Sea and her natural near-shore coastal harbours, shipping and port-related 
activities were obvious choices in building the country’s economy, and by the mid 1990’s, 
Singapore became one of the most important ports in the world (Chia, 1998). Today, the 
Singapore’s maritime industries are economic necessities, contributing approximately 7% of 
Singapore’s GDP and employing over 96,000 people (source: Maritime and Port Authority of 
Singapore port statistics). A 2010 United Nations Conference on Trade and Development 
(UNCTAD) report, “Review of Maritime Transport, 2010”, listed Singapore as one most important 
maritime countries in the world, ranked second only to Shanghai in container port traffic in 
2010, and third behind China and Netherlands in port operations management (UNCTAD, 
2011). This is quite an extraordinary feat but any measure, but even more so for a young island 
nation with a limited land area and with no natural resources except for her people.   
However, Singapore’s population growth and economic progress have come at a hefty price 
to the natural environment; Hilton & Manning (1995) surmised that the pace of converting 
marine habitats to meet development needs, even back then, appeared unsustainable while a 
study by Brook et al. (2003) suggests that the loss of up to 95% of the island’s original 
vegetation cover has resulted in around 28% loss of overall current species biodiversity of 
certain terrestrial fauna groups, although they suggests that the true biodiversity loss is closer 
to their inferred estimate of up to 73%.  
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Aside from the historically established Bukit Timah Nature Reserve and the surrounding 
Central Catchment area which were declared as Nature Reserves in 1990 (source: National 
Parks Board); the environment and her preservation was not a priority agenda and 
development progressed at a blistering pace (Hesp, 1995), although the policy to green 
Singapore was implemented at the onset of nation building with dedicated effort and political 
will to keep the island green (Chin, 2008). Currently, almost 50% of Singapore remains 
vegetated – either as nature reserves, nature parks or park corridors (NParks, 2009). 
 
Figure 2.1 Map of Singapore, showing 2012 land profile.  
This is not to say that environmental management and protection was a void during 
Singapore’s early nationhood; in fact, since her independence, there was a strong environmental 
management focus, albeit within a human rather than a habitat perspective. A fledgling 
Singapore in the 1960’s was not faced with problems associated with mining, forestry, large-
scale agriculture or indigenous peoples; instead pollution from industrialisation and 
18 
 
urbanisation was recognised as the main problem to tackle, and significant steps were taken 
since to alleviate and manage industrial and urban pollution (Tan & Law, 1997). 
An inevitable consequence of Singapore’s acute land scarcity and high population density 
was the conversion of undisturbed natural areas for housing, infrastructure and industry. 
Although sporadic land reclamation activities were conducted since the 1800’s, the purpose was 
more for improving the land areas around the southern Singapore River settlement populations, 
improving harbour facilities and small-scale localised works that only increased Singapore’s 
total land area by an estimated 0.6% or 3.4km2 between 1819 to 1965 (Tan et al., 2010). The 
post-independence era saw a rapid increase in land reclamation projects, starting with 
reclamation on Singapore’s mainland coast in the 1960’s for industrial and housing purposes 
(de Koninck et al., 2008; Koh & Lin, 2007; Lu et al., 2005; Tan et al., 2010).  
Under Singapore’s Urban Redevelopment Authority’s (URA) Concept Plan 2001 and Master 
Plan 2008 (URA 2001, 2006), much of the highly polluting petrochemical industry 
infrastructure was transferred from mainland to the offshore islands south of Singapore, 
requiring in the process, the creation of larger island masses to accommodate these industries, 
and this was achieved by reclaiming land between neighbouring island groups. Since in early 
1990’s, the intensity and magnitude of coastal development along Singapore’s southern waters 
have steadily increased, putting immense pressure her coastal and marine habitats and their 
management.  
Singapore original mangrove forests, estimated at 75km2 or about 12.9% of the total land 
area  of approximately 580km2 in 1819 (Corlett, 1992) was reduced to around 34.8km2 or about 
6% of its original area by 1993 (Hilton & Manning, 1995). Today, only 6.59 km2 remains, 
occupying just over 1% of the original land area and about 0.95% of current land area (Yee et al. 
2010). Similarly, seagrass habitats declined drastically over the decades, with Hilton & Manning 
(1995) estimating that a decrease in intertidal sand and mud areas from approximately 
19 
 
32.75km2 in 1953 to 8.04km2 in 1993 and projects the area to further decrease to around 7km2 
by 2012. 
To date, all estimates for coral reef area in Singapore have focused solely on the intertidal 
reefs with no existing estimates on the subtidal coral reefs, which, in Singapore’s context, is the 
only accurate representation of “true” coral reef dominated by scleractinian corals forming the 
reef framework. However, based on Hilton & Manning (1995) estimates, intertidal coral reef 
areas in Singapore declined by almost 49% between 1953 to 1993, and projected to decrease by 
59% by 2012.    
The changing land area in Singapore from 1819 to 2011 is presented in Figure 2.2 and 
Figure 2.5, and highlights the rapid increase in land area from 1980’s. Today, land reclamation 
projects continue to dominate the coastal landscape and are expected to continue to at least 
2030 and beyond. 
 
Figure 2.2 Changing land area in Singapore from 1819 to 2011. Data adapted from Tan et al. (2010). The 
blue box represents the period where most of the land-reclamation was focused on the main 




Figure 2.3 Singapore’s evolving coastline from 1953 to 2012. 
2.2 Key environmental threats and their influence on corals and coral 
reef processes in Singapore 
Identifying local environmental stressors, the spatial gradients of their exposure, and their 
influence on corals and coral reefs processes are important precursors for formulating and 
implementing proactive management measures to counter their impacts (Maina et al., 2011). 
The coral reefs of Singapore are subjected to a variety of natural and anthropogenic threats, 
and over the last four decades especially, the impacts associated with intensive coastal 
development activities, especially sediment-related impacts, have prevailed as the main 
influential and controlling threat (Chou, 1996, 2006; Glaser et al., 1991; Peck, 1999; Lu et al., 
2005; Tan et al., 2010; Wong, 1992). These include project impacts originating from the 
activities themselves, and are the impacts associated with the construction, post-construction 
and operational phases; and process impacts, which occurs during the construction phase of the 
projects (PIANC, 2010). 
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The influence of sediment-related impacts on corals and coral reef systems, particularly the 
effects of elevated turbidity, suspended solids and sedimentation on a wide range of coral 
physiology and ecology have been widely researched (e.g., Anthony, 2000, 2006; Anthony & 
Larcombe, 2000; Anthony & Connolly, 2004; Brown & Howard, 1985; Brown et al., 2002; Crabbe 
& Carlin, 2007; Fabricius, 2005; Philipp & Fabricius, 2003; Piniak, 2007; Riegl & Branch, 1995; 
Riegl, 1995; Roy & Smith, 1971) and reviewed (e.g., Cooper & Fabricius, 2007; Fabricius, 2005; 
Gilmour et al., 2004; Hallock et al., 2004), and I will not discuss them further in my dissertation, 
except to summarize the major findings and conclusions particularly relevant to the coral reefs 
of Singapore (Table 2.1). 
Aside from direct development and sediment-related impacts, other local anthropogenic 
threats include vessel damage from groundings and grazing, oil and chemical spills, land-based 
pollution (e.g., outfalls and urban runoffs) and aquaculture, which, on their own, can cause 
significant local damage. Overarching the local anthropogenic threats are global threats like 
elevated sea surface temperatures and ocean acidification, both of which are long-term 
influences that can have significant negative consequences if not tackled now. 
Table 2.1 summarizes the key environmental threats and their influences on corals and 
coral reefs of Singapore, their current threat status, and the current management and control 
measures based on published reports (Burke et al., 2002; Chan, 1980; Chou & Teo, 1983; Chia et 
al., 1988; Chou, 1994, 1996, 2002; Chou et al., 1997; Chou & Tun, 2005; Guest, 2004; Hesp, 1995; 
Hilton & Chou, 1999; Hilton & Manning, 1995; Lane, 1991; Loh et al., 2006; Lee & Tan, 2009; Lu 
et al., 2005; Ow & Todd, 2010; Teo, 2008; Tun et al., 2008) as well as personal observations 
since 1990. The threats have been categorized into three categories (adapted from Wilkinson 
(1999)), namely direct localized anthropogenic threats, natural threats and indirect natural 
threats accentuated by anthropogenic activities. Of the three, the last category is the hardest to 




Table 2.1 Key natural and anthropogenic threats facing the coral reefs of Singapore, their influence and 
possible management and control measures. 
Threat Associated Impacts 
Influence on Corals  
& Coral Reefs 
Current Threat Status 
Current Management 
& Control Measures 




Complete loss of 
biodiversity and habitat 
High from on on-going 
projects based on current 
knowledge of activities 
Land-use planning to 
minimize need for 








decreased energy for 
growth and 
reproduction; 
Loss of colour (partial to 
complete bleaching) 
High from on-going 
projects and external 
influences based on 
current knowledge of 
activities and 
observations; 













(e.g., coral relocation) 
Increased physical 
abrasion 
Reduced larval survival  
Unknown based on lack of 
current knowledge 
Increased sediment 
settlement on corals  
Reduced photosynthesis; 
Change in polyp activity; 
Increased production of 
mucus; 
Loss of colour (partial to 
complete bleaching); 
Tissue necrosis 
Moderate to High from 
on-going projects based on 
current knowledge of 
activities and 
observations; 
Variable between reef 














Possible changes in 
species and growthform 
composition and growth 
rates 
Low to Moderate from on-
going and unknown future 
projects based on current 
observations; Variable 
between reef areas 
HD  modelling during 
planning and design 
phase to minimize HD 
changes   
Change in 






Competition for substrate 
within narrow photic 
zone 
Low to High based on 
current knowledge and 
observations;  
Variable between reef 





Reduced oxygen supply 
Low to Moderate based on 
current knowledge and 
observations;  







No significant influence; 
possible detachment if 
surge event is 
particularly intense 
Low based on current 
knowledge and 
observations;  
Variable between reef 
areas 
Limits to vessel speed 




Coral breakage and 
surface tissue 
damage 
Partial mortality or death 
of corals; 
Reduced consolidation of 
reef High based on current 
knowledge and 
observations; variable 
between reef areas 














Table 2.1 (continued) 
Threat Associated Impacts 
Influence on Corals  
& Coral Reefs 
Current Threat Status 
Current Management 








Increased production of 
mucus; 
Tissue necrosis 
Low to Moderate based on 
past incidents; 
unpredictable and variable 
between reef areas 





activities (e.g.,, clean up, 













Strong winds and 
waves 
No significant influence; 
possible detachment if 
surge event is 
particularly intense 
Low based on current 
knowledge and 
observations; 
Variable between reef 
areas 
Monitor severity of 









Localised mortality of 
sensitive taxa  
Low to moderate based on 
current knowledge and 
observations; 











Localised partial to 
mortality of sensitive 
taxa 









Natural threats accentuated by anthropogenic activities 
ENSO 





Increased sensitivity to 
UV light; 
Reduced ability to cope 
with invasive organisms 
like encrusting zoanthids 
and sponges;  
Tissue necrosis; 
Partial or complete 
mortality 
Moderate to High based 
on past incidents and 
current knowledge 
Monitor severity of 







like relocation possible 
Increased 
radiation 
Increase solar  
Increased exposure to 
light at low tide; 
Increased exposure to UV 
light 
Unknown based on lack of 
current knowledge 
No known management 
plan for these threats 
Ocean 
acidification 
Increase in pH levels 





Unknown based on lack of 
current knowledge 
 
Based on the country’s projected long-term development master-plan (URA, 2001), 
intensive coastal development activities are expected to continue for the next one and a half 
decade, while regular maintenance dredging to maintain the integrity of shipping channels will 
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likely continue indefinitely. The long-term maintenance and survival of Singapore’s coral reefs 
are thus intrinsically linked to how well coastal development activities are monitored and 
managed. 
2.3 Managing Singapore’s coral reefs 
Although legislation related to the environment is currently present in least two dozen Acts 
(Ong, 2010), their administration falls under the purview of several agencies. In addition, there 
was no central agency specifically responsible for the conservation of habitats and natural 
resources in Singapore until 1990, when the National Parks Board was established, followed by 
the creation of the National Biodiversity Center (NBC) in 1996. Since her creation, the NBC has 
become Singapore’s one-stop centre for biodiversity-related information and activities as well 
as the lead agency responsible for the conservation of terrestrial and marine flora and fauna in 
Singapore. NBC is also as the main focal point for all biodiversity related issues in Singapore, 
and ensures that the nations makes good to the multilateral environmental agreements (MEAs) 
she is party to, including the International Convention on Civil Liability for Oil Pollution 
Damage, Convention on International Trade in Endangered Species of Wild Fauna and Flora, 
Basel Convention on the Control of Transboundary Movements of Hazardous, the Stockholm 
Convention on Persistent Organic Pollutants and the Rotterdam Convention on the Prior 
Informed Consent Procedure for Certain Hazardous Chemicals and Pesticides in International 
Trade (NParks, 2009; Peck, 1999). 
Environmental management and protection with a specific habitat focus only came into the 
governance nomenclature in the late 1980’s, resulting in the issuance of “The Singapore Green 
Plan” in May 1992, the country's blueprint towards environmental sustainability that outlined 
plans to balance environmental and developmental needs to ensure that Singapore achieves 
economic development that meets the needs of her present and future generations. Since then, 
an updated plan called the Singapore Green Plan 2012 or, simply, SGP 2012 was published in 
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2002, with a revised edition of the plan released 2006 (MEWR, 2006).  This was followed in 
2009 by the “Conserving Our Biodiversity”, the nation’s national biodiversity strategic and action 
plan which maps out Singapore’s master plan to promote biodiversity conservation through a 
pragmatic approach to conservation and develop unique solutions to address local challenges 
by establishing both policy frameworks and specific measures to ensure better planning and co-
ordination in the sustainable use, management and conservation of our biodiversity (NParks, 
2009). 
However, many felt that SGP2012 did not satisfactorily address blue issue related to the 
coastal and marine environment, especially issues related to the management of sediment-
related pollution that has a multi-faceted and largely negative influence on corals and coral 
reefs. This shortcoming was later addressed in the Singapore Blue Plan (SBP2009), which was 
launched on 23rd April 2009 (NSS, 2009). However, unlike the Green Plan which was a 
government-led initiative, the SBP2009 was a civil society initiative that was launched on 23 
April 2009, and included contributions from all stakeholders including NGOs, academia, interest 
groups and individuals, that laid out recommendation related to the management and 
conservation of Singapore marine and coastal habitats. Although not an official government 
document, SBP2009 marked a milestone in Singapore conservation efforts, signalling, for the 
first time, the potential role of non-government stakeholders in defining Singapore nature and 
environmental conservation landscape. The main outcome from SBP2009 was financial support 
from the government for a comprehensive marine biodiversity survey (CMBS) with the aim to 
document Singapore marine biodiversity at a scale not attempted previously. At the time of my 
dissertation, the CMBS was still underway, and the findings from the survey will be used to 
revisit the SBP2009 and propose updated recommendations. 
Another major weakness in Singapore’s current environmental management landscape that 
has been highlighted time and again by various stakeholder groups (Chou et al., 1997; Hesp, 
1995; Hilton & Manning, 1995; NSS, 2009; Tan & Law, 1997) is the lack of an environmental 
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impact assessment (EIA) legislative framework for major developmental projects. The current 
modus operandi for requiring an EIA depends on whether the Ministry of Environment deems a 
particular project to have sufficient potential for pollution that may affect public health practice 
(Hesp, 1995), EIAs have been informally required for almost all major coastal developmental 
projects since 2004 (Doorn-Groen, 2007). In addition, environmental monitoring and 
management programmes (EMMPs) have also been implemented for most major coastal 
development projects since 2004, where project related impacts are monitored on a daily basis 
to meet pre-determined environmental quality objectives (EQOs). In most cases, these EQOs are 
referenced against response thresholds for sensitive environmental receptors like corals and 
seagrass (Doorn-Groen, 2007). In Singapore, the EMMPs approach using hindcast modelling 
with daily compliance monitoring to isolate project specific impacts has been identified by the 
World Association for Waterborne Transport Infrastructure (PIANC) as a best practice 
framework for managing dredging related activities around coral reefs (PIANC, 2010).  A study 
to assess the benefits of the various EMMPs since its implementation in 2004 will be a useful 
exercise to qualify and quantify the status and responses of coral reef habitats within project 
impact footprints. 
Although this is a massive step forward in the overall environmental management 
landscape, the fact that EIAs or EMMPs are not officially legislated means that there are no 
structured procedures for their implementation, including initial stakeholder consultation, 
selection of consultants and public review of the EIA reports, which, till today, remain largely 
confidential. In addition, without proper legislation specifically detailing what constitutes an 
impact to the environment, many smaller projects with smaller and less obvious impact 
footprints fall under the radar and are often approved with no additional environmental 
management requirements. This was apparent recently when a barge conducting repair works 
along a shoreline revetment was observed sitting on the reef flat as the contractors were not 
aware of the presence of sensitive marine habitats within their area of operation and were not 
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provided with guidelines to prevent or minimise damage (per. obs. and pers. comm. with 
relevant agencies). 
Although no formal coral reef management plan has yet been developed for Singapore, the 
writing is more or less on the wall – Singapore’s coral reef stakeholders, whose unified voices 
are beginning to resonate within the government hierarchy, are calling for institutional 
commitment to conserve Singapore’s remaining natural habitats. This was recently reiterated in 
an June 2012 article by Professor Tommy Koh, Singapore’s Ambassador-at-Large, in Singapore’s 
leading newspaper, The Straits Times, titled “Green Thoughts Inspired by Stockholm and Rio” 
(Koh, 2012), where  he commented, among several other items on his “wish-list”,  that the time 
has come for Singapore to enact a law on environmental impact assessment (EIA), so as to 
align herself with Principle No. 17 of the Rio Declaration which states “Environmental impact 
assessment, as a national instrument, shall be undertaken for proposed activities that are likely 
to have a significant adverse impact on the environment and are subject to a decision of a 
competent national authority”; and that the Singapore authorities consider designating the 
country’s first marine nature reserve so as to afford adequate protection for marine life in 
order to ensure the conservation of genetic diversity and ensure the survival of this natural 
heritage. 
The current challenge for Singapore therefore, is to develop a strategic action plan for the 
management of her coral reefs, which will need to include mechanisms to facilitate better 
understanding of the coral reef environment, mechanisms to translate scientific knowledge to 
useful management tools, and mechanisms to implement proactive management measures that 
will safeguard critical coral reef areas and her inherent biodiversity. 
These are definitely exciting time for natural resource management in Singapore. It is hoped 
that the my dissertation study will contribute in some way to achieving this goal by providing 
coral reef monitoring and assessment tools that can be used in the development of a Singapore 
coral reef management strategic master plan. 
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2.4 Singapore’s changing coral reefscapes 
(A manuscript with the working title “What’s luck got to do with it? – Charting the evolution of 
Singapore’s coral reefscape over four decades of intensive coastal development”, is currently 
being drafted based on the data presented in this section as well other data sources. The abstract 
of the manuscript is in Appendix A.1.2) 
2.4.1 Introduction 
Narratives on the coral reefs Singapore go back to the 1800s (e.g., page 258 in Collingwood, 
1868), and aside from numerous natural history collection reports, the earliest published 
ecological works include checklist of hard coral species collected in the vicinity of Singapore 
(Purchon, 1956), a study on the distribution and growth rates of fungiids (Goh, 1963) and a 
preliminary classification of Singapore and Malayan reef (Chuang, 1977). In the preceding years, 
a wide range of coral reef research and publications would be produced, covering areas like 
taxonomy, ecology, survey and monitoring, reproduction, photo-physiology, genetics, 
connectivity and management, most of which a product of the Reef Ecology Laboratory at the 
Department of Biological Sciences, National University of Singapore. These studies have 
contributed much to improving the understanding of Singapore coral reef and her environment, 
but the focus was, and still is, very much on science with limited emphasis on management, with 
the exception of several discussion papers. 
2.4.2 Geography 
Singapore sits on the Sunda Shelf, the south east extension of the continental shelf of 
Southeast Asia that was exposed during the last ice age (Ben-Avraham, 1969). The physical 
processes accompanying the rising and falling sea levels during the last 10,000 years shaped 
Singapore’s physical environment to her present day status, characterized by a main island 
separated from the Malayan Peninsular by a narrow straits and surrounded by small offshore 
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islands and shallow near-shore channels and waterways that are ideal natural harbours (Chia et 
al., 1988). The many patch reefs scattered among the offshore islands typically attain levels that 
approximate mean low water neap and are thus mostly exposed at low tides (Hilton & Chou, 
1999). Singapore’s geography afforded her a largely sheltered environment for reefs to develop, 
and prior to any reclamation works, Singapore’s reefs were described to be characterized by 
wide reef flats with steep reef sloped by but lacking lagoons or distinctive reef crests 
descending to depths of between 15m to 20m and rarely deeper than 30m (Chuang, 1977; 
Hilton & Chou, 1999), and is illustrate in Figure 2.4, which shows the current distribution of 
Singapore’s coral reefs in coastal waters not exceeding 20m. Today, much of the fringing reef 
flats around the remaining offshore islands have been reclaimed, save for a sliver of between 
5m to 20m that have been retained. 
A GIS assessment of Singapore’s coastal environment indicate that as of 2012, Singapore has 
46 offshore islands (current study); this is a 27% reduction compared to the reported 63 islands 
in 1997 (MOC, 1997) and a 34% reduction from the 70 islands reported for 1922 (Chou et al., 
1997), resulting primarily from land reclamation activities that either merged islands with the 
mainland or to each other to create larger island masses. Of these, my current assessment 
indicates that only 24 of Singapore’s current 46 offshore islands have recognizable fringing 
coral reefs with another 51 patch reefs with the country’s southern waters (Figure 2.4). These 
latest statistics contrasts greatly with the status reported by Hilton and Chou (1999), who 




Figure 2.4 The current distribution of Singapore’s coral reefs are largely limited to the shallow southern 
waters within the southern to depths rarely exceeding 20m. 
2.4.3 Physico-chemical environment 
The strongest climatic influence on Singapore’s coral reefs are the tropical monsoons; a 
milder south-west monsoon from June to August and a wetter, windier, north-east monsoon 
between November and February, separated by two relatively shorter inter-monsoon periods 
(NEA, 2009). Mean annual air temperature averaged over a 27-year period from 1982 to 2008 
was approximately 27.5 0C and annual rainfall over the same period was approximately 2200 
mm (NEA, 2009). However, no similar long-term national monitoring exists for marine waters, 
and data for mean sea surface temperature, salinity and other physico-chemical parameters 
only exist in discrete research publications. One of the earliest assessments of the Singapore’s 
marine water was made by Chuang (1977), who reported little spatial and temporal variations 
in temperature, salinity, organic carbon and tidal regime in Singapore’s southern waters with 
good mixing throughout the water column, based on several irregular records between 1975 
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and 1976. Other datasets for different periods have been published since then, but as with any 
data collected from different locations at different times of the year and in different years using 
different instrumentation and usually from single spot measurements, it is difficult to make any 
definite conclusions on temporal trends except in the most general sense. Table 2.2 summarises 
five physico-chemical parameters taken adjacent to coral reef areas in Singapore, referenced 
against the ASEAN Marine Water Quality Criteria for Aquatic Life Protection (ASEAN, 2008). In 
addition, data for the three important parameters influencing coral health and survival in 
Singapore; namely temperature, TSS and sedimentation have been summarised for my 
dissertation research using available data collected by DHI Water & Environment (S) Pte Ltd 
between 2008 and 2011 from various coral reef locations within the southern waters of 
Singapore are also presented in Table 2.2, with changes in mean monthly variables illustrated 
Figure 2.5a-c.  
Of the five parameters assessed, salinity showed the least variability, with the exception 
perhaps during the southeast monsoon period where the salinity tended to be marginally lower. 
Although not presented in this dissertation, spot salinity measurements recorded during the 
same period within Singapore’s southern coastal waters was largely within the reported ranges 
presented in Table 2.2 and was consistently between 29 – 34 ppt. Similarly, DO concentrations 
are also not presented in this dissertation, but spot measurements taken during the same period 
were generally above 90% saturation or above 6mg/L, and no readings below 5.5mg/L were 
recorded. Although drastic fluctuations in salinity and DO concentrations can occur and affect 
the overall health of corals and coral reef communities, these have not been, or are not expected 
to be major threats in Singapore.  
Almost all the decline reported in Singapore’s coral reefs habitats since detailed surveys 
began in the mid-1980’s are a direct result of physical burial from land reclamation works and 
acute or chronic responses to elevated turbidity, TSS and sedimentation. However, aside from 
noting that a definite increase in sedimentation (and corollary TSS concentrations, even though 
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reported TSS readings are limited) have gradually increased since the 1980’s, these data were 
not specifically collected to assess the impacts of coastal development, and thus cannot be 
directly linked to any particular development activity. However, since 2006, numerous 
environmental management and monitoring (EMMP) programmes have been implemented for 
major coastal development projects and a large volume of data has been collected in the years 
since then. Unfortunately, data from EIAs and EMMPs remain confidential in Singapore, and can 
only be accessed directly from the various data owners.  
Another good indication of the sediment-influenced decline in water quality is the observed 
underwater visibility in Singapore. Again, no documented data exist for charting the changes in 
underwater visibility, but anecdotal accounts from scientists working on Singapore’s coral reefs 
since the late 1970’s, and my personal observations since I began studying coral reefs in 1993, 
have indicated that the average yearly underwater visibility has declined from close to 10m in 
the 1970’s to 2m - 5m from the late in the 1980’s (Chua & Chou, 1992) and less than 2m today 
(pers. obs.). Although the intensity of sediment influences tend to be sporadic depending on the 
scope, scale and phases of coastal development activities and often masks the background 
turbidity and TSS concentrations, a distinct “seasonal” trend in underwater visibility is present; 
barring any localised project-related sediment events, underwater visibility tend to be higher 
during the northeast monsoon (December to March), where the net water movements arrives 
from the open South China Sea, and lower during the southwest monsoon (June to September), 
where the winds push water away from the more sheltered Singapore Straits towards the South 




Table 2.2 Various physico-chemical parameters reported for Singapore’s southern coastal waters from 
1975 to 2003, as well as in situ data collected between 2008 and 2011 for my dissertation 
research, referenced against the ASEAN Marine Water Quality Criteria for Aquatic Life. 











1975 - 1776 Chuang (1977) S records 27.6 – 30.8 28.5 – 31.3 nr 
1980 
Chan (1978) in 
Low & Chou 
(1994) 
Unspecified nr 3 - 6 
1989/90 and 
1992/93 
Low & Chou 
(1994) 
Monthly serviced 
sediment traps at 12 
sites 
nr 5 - 45 
Jun 1996 to 
May 1997 
Chou et al. 
(2004) 
3 spot measurements 
over a 1 year period at 8 
stations; 
Monthly serviced 
sediment traps  
29.8 24.5 – 30.1 4.85 – 5.98 nr 4.36 – 83.6 
Oct 1999 to 
Feb 2000 
Dikou & van 
Woesik (2006) 
2 monthly spot readings 
at 6 sites; 
3 month-long sediment 
traps measurements 
28.3 – 29.2 
(est) 
32.5 – 34 
(est) 
6 – 6.6 
(est) 
6 – 16 
(est) 
1 – 8 
(est) 





28 – 34.3 nr 
Dec 2002 to 
May 2003 
Guest (2004) 
Hourly measurements at 
one site over 6 months 
27.5 – 30.6 nr 




over 3 months at 2 sites; 
3 month-long sediment 
trap measurement  





Average daily in situ data 




27.32 – 30.19 nr 4.56 – 7.88 29 – 49.4 
2009 27.25 – 30.66 nr 4.58 – 8.90 24.1 – 61 
2010 28.09 – 31.09 nr 4.68 – 8.08 30.5 – 51.5 
2011 27.59 – 30.23 nr 4.69 – 9.25 
17.9 – 22.2 
(Jan to Apr only) 
ASEAN Marine Water Quality Criteria 
Increase NOT 







Over the last few decades, coastal development has occurred in unpredictable pulses of 
varying magnitudes and scales, making any conclusive assessments on yearly trends of 
sediment related attributes like total suspended sediments, turbidity and sedimentation largely 
unreliable. Despite this variability, a definite increase in sediment related attributes have been 
recorded over the last few decades (e.g., see Chia et al., 1988; Chou, 1996; Dikou & van Woesik, 
2006; Hilton & Chou, 1999; Glaser et al., 1991; Gin et al., 2006), and is also reflective of the 








Figure 2.5 Changes in temperature, TSS and sedimentation rates recorded at various coral reef sites 
within Singapore’s coastal waters between 2008 and 2011. (a) Temporal SST 2011 comparison 
recorded at Sister’s Island between 2008-2011, including average monthly SST reported by 
Tham (1973) as well as SST recorded during the 1998 ENSO event that resulted in the first mass 
coral bleaching event in Singapore; (b) Changes in average TSS readings recorded at Kusu 
Island and Sister’s island between 2008 and 2011; and (c) Changes in average sedimentation 
recorded at Labrador Nature Park between 2008 and first quarter of 2011. 
2.4.4 Coastal activities and infrastructure 
Singapore’s coral reefs are located within some of the world’s busiest waterways. Packed 
within waters barely stretching 14km north to south and 30km east to west, Singapore’s coral 
reefs are flanked by Jurong Island, Singapore’s largest petrochemical complex, to the northeast, 
the Pasir Panjang container terminal to the north, Shell’s petrochemical cluster and the 
Semakau offshore landfill in the middle. The waterways also see the passage of approximately 
140,000 seagoing vessels per year, with much of the shallower areas demarcated for vessel 
anchorage. The southernmost string of islands is situated within the military live firing area 
which sees regular military exercises. Several marine aquaculture facilities also operate within 
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these same waters, and recreational activities like boating, scuba diving and fishing are 
permitted within non-restricted areas.  
Given the limited areal extent of Singapore’s southern coastal waters, almost every coral 
reef area in Singapore inadvertently lies within several hundred meters to a less than 2km from 
one or more coastal activities or facility. In effect, there are no “pristine” coral reefs in Singapore 
and the entire coral reef environment can be classified as a marginal with an apparent 
nearshore to offshore environmental gradient.  
A thematic map of the important coastal activities and marine facilities within the southern 
coastal waters of Singapore, and in relation to the Singapore coral reefs, is presented in Figure 
2.6.  
 
Figure 2.6 A thematic map of Singapore coastal activities and marine facilities in the vicinity of coral reef 




2.4.5 Significant natural events 
Significant natural events that can impact coral reefs include widespread coral bleaching 
associated with elevated sea surface temperatures, large-scale outbreaks of Drupella sp., 
Acanthaster planci, coral disease or storm and tsunami related damages. Of these, the only 
natural event that has been observed in Singapore since coral reef surveys investigations began 
in the 1970’s is mass coral bleaching.  
Sporadic coral bleaching events have been reported from around the world since 1911, but 
the significance of the phenomenon was only realized after proper documentation and records 
started from the early 1980’s (Berkelmans et al., 2004), and since then, the number, scale, and 
intensity of reported coral bleaching events has grown dramatically and this trend has been 
largely linked to climate change (Ateweberhan & McClanahan, 2010; Hoegh-Guldberg, 1999, 
2011; Hughes et al., 2003; Maynard et al., 2009; Riegl et al., 2011; Wild et al., 2011). The first 
mass coral bleaching in Singapore was observed in June 1998, in response to the especially 
strong El Niño event that occurred between 1997 and 1998, which also affected corals on a 
global scale. Prior to this event, bleaching was largely observed as isolated events affecting a few 
corals at any one time. For several months prior to the bleaching, corals were observed to be 
less vibrant in colour, and unusually high sea surface temperatures were observed within the 
coastal waters of Singapore since January 1998, increasing to a maximum of 34.3 0C on 3rd June 
1998. Between June and December 1998, a total of eight surveys were conducted to monitor the 
status of the bleached corals, and to assess their recovery.  
Bleaching was widespread and affected all fringing and patch reefs within the southern 
islands of Singapore, with bleaching of between 50% and 90% observed during all the initial 
reefs surveys and extending down to a depth of 6m CD, which lies within the lower depth limits 
for coral growth in Singapore reefs. Bleaching was observed in all species and growthforms of 




Temperature declined rapidly from the unprecedented high of 34.25 0C to normal monthly 
readings of between 29.50 0C to 31.50 0C within the following two months. Partial to complete 
recovery was recorded in 75% of the monitored corals after six months; the 25% that died as 
result of the bleaching generally smothered by algae and settled silt. 
Following the 1998 mass bleaching event, several successive events in 2002 and 2005 were 
reported in other parts of the world (Wilkinson, 2008) but Singapore’s coral reefs were not 
affected during those events. The second mass bleaching event in Singapore was reported in 
May of 2010, in response this time to the intense La Niña event that started in early 2010 within 
the Southeast Asian region and continued into late 2010 (Tun et al., 2010; Appendix A.1.3). 
Coral bleaching was widespread regionally, with the bleaching severity reported to be 
comparable to, and in some cases, more severe, than the 1998 event. 
As part of my dissertation research, I conducted bleaching specific quantitative surveys at 
four sites in May 2010 with a follow-up survey in November 2010 to assess the recovery of the 
bleached corals. As I identified bleaching as one of the four situational attributes to be included 
as “add-on modules” within the diagnostic survey and monitoring framework I am proposing as 
part of my dissertation (see Chapters 4 and 6 for details), I was able to test its application during 
the bleaching surveys.  
The surveys indicated that besides hard corals, bleaching was also recorded in other 
zooxanthellate taxa including soft corals, anemones and zoanthids. My data also indicated that 
bleaching severity was highest within the inter-tidal reef flat zones, with almost complete 
bleaching of all scleractinian taxa, as well as other zooxanthellate taxa including soft corals, 
anemones and zoanthids. Within the sub-tidal zones, hard coral bleaching was variable, ranging 
from 30% to 60% between the four sites surveyed. In addition, only 5% to 30% of the bleached 
corals were completely bleached (white), with most bleached corals retaining some colour 
within their tissues. Unlike the 1998 bleaching event where numerous Acropora species were 
observed bleached (anecdotal observations only), not a single Acropora coral bleached 
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throughout the elevated SST period, and was the only hard coral taxa not to do so. Among other 
hard coral genera, bleaching response was largely variable, but with some indications that the 
long-tentacle corals (e.g., Euphyllia spp.), bubble coral (e.g., Pleogyra spp.) and corals with long 
polyps (e.g., Goniopora spp.) was less affected by the bleaching than the foliose and massive 
coral species.  
By the second survey in October and November 2010, SSTs had returned to normal seasonal 
levels, and the bleached corals showed rapid recovery, regaining much of their colour. 
Bleaching-associated mortality was less than 10%, although many bleached corals showed 
varying degrees of partial mortality. Mortality was generally higher for soft corals and 
zoanthids, but sea anemones recovered well from the bleaching. The magnitude and severity of 
the 2010 bleaching event was comparable to the 1998 event, with the recovery data indicated 
lower mortality and better recovery. 
 (A manuscript with the working title “Response and recovery of coral from the 1998 and 2010 
bleaching events: an assessment of reefs in a marginal environment”, is currently being 
drafted based on the data from the 1998 and 2010 bleaching events. The abstract of the 
manuscript is in Appendix A.1.4). 
2.4.6 Critical assessment of Singapore’s coral reef area 
There are two commonly referenced coral reef statistics for Singapore that, over the course 
of my dissertation research, I have found to be either erroneous or misrepresented; namely the 
total coral reef area in Singapore and the estimated loss in coral reef area to land reclamation.  
Two main references are often cited for representing the total coral reef area of Singapore – 
Spalding et al. (2001)  in their definitive publication “World Atlas of Coral Reefs” indicates an 
area of <100km2, while Burke et al. (2002) in their publication “Reefs at risk in Southeast Asia” 
put the area of Singapore’s coral reefs at 54km2.  Of the two, the estimate by Burke et al. (2002) 
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is more commonly cited, and was calculated based on 1km resolution gridded data sets and 
rounded to two significant digits. A lesser known publication by Hilton & Manning (1995), who 
calculated a total intertidal coral reef area of 17km2 in 1993 using topographic maps, is perhaps 
the most accurate of the three references.  
With regards to the estimated loss in coral reef area, the earliest published reference to the 
estimate of 60% was found in the report by Chou (2002) presented at the Regional Workshop 
for the East Asian Seas in 2002, which further crossed-referenced a seminar presented in 1995 
(Chou, 2005) and a conference 1998 paper (Chou & Goh, 1998), both of which invariable 
referenced the work by Hilton & Manning (1995) which stated that “These areas of intertidal 
reef- flat comprise 30% of the area of reef present in 1922 and approximately 60% of that 
remaining in 1993”.  Their study did not include any assessment of subtidal coral reef areas, 
which is the main reef type referenced in all coral reef literature that use the 60% statistics, and 
is thus a misrepresented estimate of their true loss. 
The work by Hilton & Manning (1995) can be considered the most recent and reliable 
estimates for intertidal coral reef area in Singapore as it was conducted at a local scale using 
detailed topographical maps compared to the 1km resolution scale in Burke et al. (2002). Their 
work also included a historical hindcast assessment of Singapore’s intertidal coral reef area 
back to 1922 using topographic maps, and forecasting to 2030 based on projected land use 
profiles detailed in the Singapore Concept Plan 1991 for Year X (2030 CE) by the Urban 
Redevelopment Authority of Singapore (URA). Their assessment indicated by 2012, the total 
intertidal coral reef area would have declined to approximately 12.4km2; and would further 
decline to 7.33km2 by the year 2030 (Figure 2.9). 
However, a huge knowledge gap still remains in understanding the status of subtidal coral 
reef areas in Singapore, which, till today, have not been quantified in any manner. This is a 
critical limitation especially in the current coastal development landscape, where a lack of 
definite statistics can hinder appropriate management actions or interventions. 
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Therefore, as part of my dissertation research, I conducted a detailed assessment of 
Singapore’s changing reefscape, using GIS tools to map coastline and reef edge details from 
high-quality topographic and navigational maps from 1953 to 2012 that were procured from 
several sources. I worked with the GeoInformatics team at DHI Water & Environment (S) Pte 
Ltd who provided technical GIS expertise in preparing the data and maps based on my 
assessment of Singapore’s coral reef environment.  
2.4.6.1 Redefining Singapore’s physical coral reef environment 
The work by Chung (1977) was the first to categorically classify Singapore’s coral reefs into 
four intertidal and two subtidal reef types, based on surveys conducted at two coral reef 
localities (Figure 2.7). This was a useful preliminary classification but was conceptually 
confusing as his classification scheme was not hierarchical and included were numerous 
overlaps within each level of organisation (Figure 2.7).  
In addition, his classification was only based on two surveyed reefs, which cannot be 
considered representative of all coral reefs in Singapore. Adding to that, the general reef 
characteristics in Singapore has changed significantly since Chung’s study in 1975 and 1976 
(Chung, 1977), necessitating a reassessment of the classification system to better reflect current 
reef characteristics.  
In the course of my dissertation research, I dived at almost all coral reef locations in 
Singapore, spanning the entire breath and width of Singapore’s southern islands, and based on 
my assessment of the current coral reef characteristics, I propose the following revised coral 
reef classification scheme for Singapore, categorized based on seven levels of hierarchical 





Figure 2.7 Preliminary intertidal and subtidal coral reef classification for Singapore coral reefs by Chung 
(1977). Different colour boxes represent different levels of reef organisation; Light blue/aqua = 
Ecosystem; Purple = Reef Morphology; Pink = Keystone Biota; Green = Reef Zone and Blue = 
Reef Type.  
The proposed classification scheme takes into account the most pertinent characteristics of 
the current coral reef environment in Singapore, and includes characteristics considered 
important for understanding reef status and processes, as well as for application within a 
management context; for e.g., the inclusion of artificial reefs to reflect the origin on reef bedrock 
along Singapore’s extensively armoured coastlines; and substrate characteristics to reflect 
small-scale substrate quality which is a critical consideration in identifying key coral reef areas 
for various management decisions, e.g., assessing the suitability of a reef for receiving corals for 
transplantation, substrate enhancement or long-term potential for natural coral reef 
development. 
2.4.6.2 Singapore coral reef statistics: 2012 
 Estimates of sub-tidal coral reef area for each individual reef were calculated by multiplying 
the reef length and the estimated reef belt, and these were summed to arrive at the estimated 
sub-tidal coral reef area for Singapore. Similarly, I estimated the total intertidal coral reef area 
by summing the reef area of individual reefs calculated using GIS. Both the intertidal and 
subtidal reef areas estimates include reefs of all substrate characteristics.  
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For unverified subtidal reef areas (i.e., reefs that I have not dived at before and for which 
there are existing information), coral reef practitioners and divers who may have dived at some 
of the areas (e.g., parts of Jurong Island and Tanah Merah seawall) were consulted and based on 
their feedback, best-guess estimates of the reef belt for these areas were made. Fortunately, the 
“unverified” reef areas made up less than 7% of the Singapore’s total coral reef area, and even if 
the estimates for these areas are off by 20%, it would not affect the over reef areas assessment 
by more than 1.5% . Over time, data for these areas will be validated.   
The data is accurate as of June 2012, and represents the most accurate estimate of 
Singapore’s total coral reef area. The summary statistics is presented in Table 2.3, with the 
detailed breakdown of all the reef areas presented in Appendix A.2.1. 
The 2012 status of Singapore’s coral reef stands at 13.25km2 of total coral reef area, of 
which 11.99km2 (90.5%) represents the largely non-coral dominated intertidal coral reefs 
with another 1.11km2 (8.4%) of original subtidal coral reefs and 0.15km2 (1.1%) of newly 
developing subtidal coral reef communities on artificial granite substrate. The total 
intertidal coral reef area calculated for 2012 is comparable to the estimated area of 12.4km2 
extrapolated from Hilton & Manning's assessment in 1995 (Figure 2.9). Other supporting 
terrestrial statistics is presented in Table 2.5, highlighting the stark disparity between the 
management of terrestrial and coral reef areas.  
It is clear from the above statistics that the coral reefs of Singapore have not been afforded 
much consideration. Compared to their terrestrial counterpart, Singapore’s coral reefs occupy 
less than 2.5% of the nation’s territorial waters, compared to 50% of land occupied by 
terrestrial green areas. Of these, 3% has been gazetted as protected areas, while no coral reef 
area has been awarded any protection status. In addition to the current coral reef status, I am 
also conducting a separate assessment charting the changes in subtidal coral reefs from 1953 to 
2012, in collaboration with the GeoInformatics team at DHI Water & Environment (S) Pte Ltd. 
The assessment is currently still on-going and will not be completed by the time of this 
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dissertation submission. However, the information will be incorporated into the Singapore’s 
changing coral reefscape manuscript I am currently preparing (Appendix A.1.2). 
Table 2.3 2012 summary statistics of Singapore’s coral reef area compiled from detailed site level 
assessments. 
  
Estimated Reef Area, 
1953(km2) 
Estimated Reef Area, 2012 
(km2) 
Intertidal 
Carbonate Reef 30.50 11.99 
Artificial Reef Nil Nil 
Intertidal Total 30.50 11.99 
Subtidal 
Carbonate Reef 9.35 1.11 
Artificial Reef Nil 0.15 
Subtidal Total 9.35 1.26 
Total Coral Reef Area in Singapore 39.85 13.25 
 
Table 2.4 2012 land and coral reef area statistics.  
Attribute 2012 Estimates 
Total land area 714 km2 
Estimated "green" area ~357 km2 (50%) 
Estimated protected green area ~21.5km2 (3%) 
Territorial waters (Port limit) 541 km2 
Estimated coral reef area ~13.05 km2 (2.4%) 
Protected coral reef area 0 km2 




Figure 2.8 Revised coral reef classification scheme for Singapore to replace Chuang’s 1977 classification scheme, based on seven levels of hierarchical organization 




Figure 2.9 Variations in the intertidal coral reef area based on topographic maps for the period spanning 
1922 and 1993, and projected to 2030 based on Year X land use projections by URA as 
described in the Singapore Concept Plan 1991. The horizontal red line represents the projected 
intertidal coral reef area in 2012 (graph adapted from Hilton & Manning (1995)). 
Table 2.5 2012 land and coral reef area statistics. 
Attribute 2012 Estimates 
Total land area 714 km2 
Estimated "green" area ~357 km2 (50%) 
Estimated protected green area ~21.5km2 (3%) 
Territorial waters (Port limit) 541 km2 
Estimated coral reef area ~13.05 km2 (2.4%) 
Protected coral reef area 0 km2 




2.4.7 Status of coral reef benthos 
The earliest quantitative benthic coral reef surveys in Singapore, based on available data 
from the Reef Ecology Laboratory, National University of Singapore, were conducted in the late 
1980’s. Between then and up to the mid-2000, numerous survey and monitoring programmes 
have been implemented, mainly through the Reef Ecology Laboratory and include scientific, 
volunteer and commercial (impact monitoring) programmes. An overview of the major non-
commercial survey and monitoring programmes are presented in Table 2.6.  
For this part of my dissertation, I will discuss the temporal changes and the current spatial 
distribution of Singapore’s coral reef based on 21 years of survey data from 1987 to 2009, 
focusing specifically on changes in hard coral cover. The LIT benthic survey method was used 
for all the coral reef surveys which were either conducted by or coordinated by the same survey 
team, thus providing a good level of data consistency and reliability to make this temporal 
comparison. 
2.4.7.1 Temporal trends 
Numerous coral reef areas were surveyed over since 1987 and of these, sporadic but long-
term monitoring data was available for 12 sites at 6 coral reef areas from four survey depths 
along a 10m depth gradient. These 6 reef areas - Cyrene patch reef, Pulau Hantu, Hantu West 
patch reef, Pulau Semakau, Raffles Lighthouse and Lazarus Island - were spread across the 
entire southern island clusters and provided a good representation of the nearshore to offshore 
environmental gradient. The 12 survey sites were Cyrene reef north (C1), Cyrene reef south 
(C2), Pulau Hantu east (H1), Pulau Hantu west (H2), Hantu patch reef east (HW1), Hantu patch 
reef west (HW2), Pulau Semakau northeast (S1), Pulau Semakau west (S2), Raffles Lighthouse 





The surveys only covered the subtidal coral reefs, and the four survey depths of 0m, 3m, 6m 
and 10m represented the reef crest (0m CD) and three vertical depths along the reef slope 
measured from below the crest.  
Table 2.6 Major non-commercial coral reef benthic survey and monitoring progammmes conducted in 
Singapore between 1985 and 2003, together with surveys conducted during this dissertation 
research. 





First long-term monitoring 
programme; sporadic; 4-6 coral reef 
surveys conducted at 12 locations 
within 6 reefs areas; LIT method, 
recording hard coral genera and 
species 
1985 - 1994 Reef Ecology Laboratory 
Various papers in the 
proceedings of the 3rd 
ASEAN-Australia 
Symposium on Living 
Coastal Resources, Vol. 2 – 
Research Papers 
Singapore Reef 
Survey  and 
Conservation Project  
Project by 3 NGO groups; 65 locations 
at 34 reef areas surveyed by trained 
volunteers; LIT method, recording 
general benthos categories 
1987 - 1991 
Reef Ecology Laboratory; 
Republic of Singapore  Yacht 
Club;  
Singapore Institute of Biology; 
Singapore Underwater 
Federation 
Summary in Chua & Chou 
1992 
NParks survey  
Project funded by NParks; single 
survey at 16 locations at 12 reef areas 
surveyed; LIT method, recording hard 
coral genera 
1992 
Reef Ecology Laboratory; 
NParks 
Unpublished; Reef Ecology 








University funded research 
programme; 2 surveys at 12 locations 
within 6 reef areas surveyed; LIT 
method, recording hard coral genera 
1997-2000 
Tropical Marine Science 
Institute 





Single audit survey to update 2000 
data at 12 location within 6 reef areas; 
LIT method, recording hard coral 
genera 
2003 Reef Ecology Laboratory 
Blue Water 
Volunteers 
ReefFriends coral reef 
survey programme 
First long-term volunteer monitoring 











Single survey at 166 locations within 
40 coral reef areas; LIT method, 
recording hard corals genera and 
other reef metrics 
2006-2009 Myself  This dissertation 
 
Prior to the analysis, the data from 1985 to 2003 was screened and datasets that were not 
consistent were rejected. Together with the data collected during this study, there data was 
spread over 21 years. To refine the analysis, the data subsequently were aggregated into five 
distinct monitoring periods to reflect the available data distribution, namely 1987 to 1991, 
1993, 1997 to 2000, 2003 and 2007 to 2009. Only data for the first two monitoring periods 
were complete for all four depth zones, data for the 1993 and 1997 to 2000 monitoring periods 
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only covered the 0m and 3m depths, and the data for the monitoring period 2007 to 2009 from 
this current research only covered the 0m depth.  
Interestingly (and coincidently), the five monitoring periods coincide with significant events 
in Singapore coastal development history; the period from 1987 to 1991 would effectively 
represent the period before the start of any major offshore coastal development projects 
although there were some short-term isolated reclamation works at numerous islands. During 
this period, the major reclamation projects were centered along the mainland coast, with the 
Marina Bay reclamation project that began in the 1970’s and the Tuas View reclamation project 
that began in 1984 the most significant projects during that period which could have potentially 
impacted the coral reefs at the survey sites. The second monitoring period was also within the 
same coastal development phase as the first but only covered one year (1993), but was singled 
out as it represented the year where surveys were completed at all survey sites and at almost all 
depths, thus providing the only complete dataset for the 12 sites that did not cover several years 
of surveys. The third monitoring period from 1997 to 2000 represented the period of intense 
coastal development prior to the implementation of environmental monitoring and 
management programmes (EMMPs), and coincided with seven coastal development projects, all 
of which involved extensive land reclamation works and dredging operations. This period only 
included data for the two shallower depths. Similar to the second monitoring period, the fourth 
monitoring period in 2003 only covered one year but included monitoring data for all sites but 
at only the two shallower depths. The fifth monitoring period from 2007 to 2009 represents the 
period of continued intensive coastal development from three on-going projects with the 
addition a fourth project, and represented the period after the implementation of EMMPs from 
2006 onwards for new projects. A summary of the temporal changes in hard coral cover at the 
12 sites over the four monitoring periods is illustrated in Figure 2.12 and further elaborated, 
together with an overview of major large-scale and long-term reclamation projects, in Table 2.7. 
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There was no information on the status of the subtidal coral reef prior to the first survey in 
1986 to reference the coral reef condition during the early years of coastal development works; 
however, the status of hard coral and abiotic substrate data along the deeper reef slopes from 
the earliest surveys, combined with bathymetric assessments of the survey sites using historical 
navigational maps, gives some indication on the possible status of the coral reefs (Figure 2.11). 
It is very likely that a high proportion of consolidated or loose benthos (live coral, dead coral 
and rubble) at the 6m and 10m depth zones indicate that hard corals were historically present 
within those zones even if they are no longer present now or if the substrate characteristics 
have changed since. Likewise, a high proportion of soft substrate (sand and silt) would indicate 
a historical lack of hard coral development at those depth zones. These projected coral belts 
estimated for each site should therefore represent the historical lower limits of the coral photic 
zone in Singapore. 
It is clear from the earliest survey data that hard coral zone within the more sheltered reefs 
at C1, L4, HW1, S1 and S2 was limited to just deeper than 6m, beyond which the reef was 
dominated by soft benthos. Conversely, the coral zone within the more exposed reefs and reefs 
within narrow channels typically extended down to their maximum reef depths. At L2, H1, H2, 
HW2, the coral zone likely extended to 10 to12m while at C2, R1 and R2, the zone likely 
extended to 15m. 
Hard coral cover showed distinct spatial variations between sites that were generally 
conserved across all survey periods along a nearshore to offshore gradient. The coral reefs at 
Raffles Lighthouse, located furthest south from the mainland and facing the open Singapore 
Straits, consistently registered the highest hard coral cover while the reefs at Cyrene and 
Lazarus Island, located nearest to mainland, consistently registered the lowest. The earliest 
surveys in the late 1980’s to early 1990’s recorded over 70% hard coral cover from 32 genera 
along the reef crest of Raffles Lighthouse, suggesting a healthy climax community that may have 
been typical of  many reefs in Singapore during that period. 
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The reclamation timeline in Table 2.7 indicates that the intensive coastal development 
period accelerated in the mid-1990’s and continues till today, representing one and a half 
decades of unabated intensive reclamation and dredging related impacts (see Table 2.1 for 
description of threats) that have taken a toll on the coral reef habitats. During the first two 
monitoring period between 1986 and 1993, the coral reefs still supported a high proportion of 
hard corals within the 0m and 3m depth zones at all sites, with corals extending to 6m at several 
sites and up to 10m at the most offshore sites at Raffles Lighthouse (Figure 2.12). However, 
since the mid-1990’s hard coral cover declined drastically from the 3m zone downwards, and by 
the end of the fourth monitoring period in 2003, hard corals were largely limited to along the 
reef crest and the upper 3m of the subtidal reefs. Between sites, overall decline across the four 
depth zones was greatest at C1 and L4, both of which have effectively lost all its hard coral 
benthos. The reefs at Pulau Hantu, Hantu West and Pulau Semakau, with the exception of H2, 
also declined significantly, losing up to than half of their hard coral by 2003 but still supporting 
10% to 30% hard coral along the reef crest. The reefs at Raffles Lighthouse declined the least, 
losing about 30% of its hard corals at 0m and still supporting good coral cover at 3m. 
Although supporting water quality monitoring was largely lacking over the last few decades, 
ad hoc accounts on underwater visibility and sedimentation rates suggests a downward trend; 
visibility was reported in excess of 10m before the 1960’s and declined to an average of 2m to 
5m in the 1990’s (Chou, 1996; Chua & Chou, 1992; Chuang, 1977) and to less than 2m today 
(Chou & Tun, 2005; Dikou & van Woesik, 2006; Loh et al., 2006), with sedimentation rates 
ranging from <10mg/cm2/day to above 30 mgcm2/day recorded in late 1980’s (Lane, 1991). 
The reduced light penetration within the coastal waters as a direct consequence of 
increased turbidity from suspended solids effectively reduced the photic zone for hard corals, 
and based on the gradual decline in hard coral cover recorded along the reef slopes over the five 
monitoring periods, it is estimated that the photic zone has been reduced from an estimated 
historical depth of 10m to under 3m today. This observation is supported by photo-
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physiological investigations that suggest corals in Singapore require between 8 to 45 
mol/m2/day of photosynthetic active radiation (PAR), measured using factory calibrated 
unidirectional 2 Li-COR sensors, to maintain net 24 hour energy compensation, i.e., where 
photosynthesis equals respiration (estimated from unpublished results from my research and 
data summarised from Tun (1994). This equates to an average 150 µmol/m2/s1 to over 1000 
µmol/m2/s1 of available PAR at the depth the corals are found. Underwater PAR measured my 
dissertation research along the subtidal reef crests at Pulau Semakau and Raffles Lighthouse 
averaged at 240 µmol/m2/s1 and 280 µmol/m2/s1 respectively and with a measured reduction 
in PAR of between 40% and 80% from the crest to one meter below, the data suggests that the 
light underwater environment in Singapore’s coastal waters are only able to support corals to a 
depth of 2m to 3m below the reef crest, if we consider autotrophy as the only mode of nutrition. 
To date, there have been no studies assessing the contribution of heterotrophy to the daily 
energy requirements of corals in Singapore; but it is likely that the corals in Singapore are able 
to exploit heterotrophic feeding to compensate for the energy deficit as demonstrated by  
Anthony & Fabricius (2000)  (Figure 2.10). 
 
Figure 2.10 Accumulated sediment clumps within the corallites of Favites sp. The arrow points to the polyp 




At the habitat level, there was an apparent shift in the physical benthos characteristics with 
a reduction in benthos consolidation recorded mainly at the nearshore sites, with 
corresponding increases in loose or soft substrate, especially along the reef slopes (Figure 2.13). 
In terms of hard coral species diversity, a recent paper by Huang et al. (2009) (which I co-
authored; Appendix A.1.5) suggests that despite the drastic reduction in the subtidal coral reef 
area, hard coral diversity remains high. Of the 487 hard coral species that have ranges 
encompassing Singapore, we recorded 255 species (52.4%) and we believe that the number is 
not exhaustive with the possibility of more species records added to the inventory as more reefs 
are surveyed. Hard coral species and genera distribution did not show any nearshore to 
offshore gradient, and were more a function of the hard coral cover regardless of location. 
However, all recorded hard coral genera and potentially all species as well, are found in varying 
abundance within the southernmost restricted military islands and Raffles Lighthouse. Based on 
projected 2030 land profiles, no reclamation have been planned for these islands. It is therefore 
possible that Singapore’s reefs will still be able to maintain her hard coral diversity if the status 
quo of these islands remains unchanged. 
One interesting observation is the improvement in hard coral cover recorded at several sites 
during the latest surveys in 2007 to 2009 despite the intensity of coastal development works 
and drastically changing hydrodynamics. Although continued decline in hard coral cover was 
recorded at HW1 at S1 along the reef crest, improvements were recorded at H2, S2 and R2, with 
almost no change recorded at H1. It is too early to imply any benefits of the EMMPs in managing 
development related impacts, but the data is encouraging and more in-depth analyses to 
quantify the efficacy of the on-going EMMPs will be beneficial to improve the overall coral reef 
management framework in Singapore. 
Five main trends are apparent from the temporal assessment of Singapore’s coral reefs from 
1987 to 2009: 
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1. Declining coral reef area: As of 2012, Singapore has lost almost 61% and 89% and of 
her intertidal and subtidal coral reef areas respectively since 1953, and based on the 
projected 2030 reclamation profile, this could increase to almost 76% and 91% 
respectively; 
2. Nearshore to offshore environmental gradient : A gradient with increasing water 
quality and hard coral cover is apparent, with the southernmost offshore islands of 
Pulau Semakau, Raffles Lighthouse and the restricted military islands supporting the 
best reefs;  
3. Shrinking vertical reef belt and photic zone: A reduction in the estimated historical 
depth of 8m-12m to the current 3m-5m is apparent on the more inshore and 
sheltered reefs, and from 12m-15m to the current 5m-8m within the more offshore 
and exposed reefs; 
4. Shift in the physical benthos characteristics:  A gradual shift from higher to lower 
consolidation is apparent at many sites, especially along the reef slopes; and 
5. Sustained hard coral species diversity: Despite losing significant coral reef area, 
hard coral species and genera diversity is still presumed to be largely maintained, 










Figure 2.11 (a) Map showing the survey sites with estimated historical hard coral belt at each site. (b) Graph showing the distribution of major benthos components 
along the 6m and 10m depth zones at the 12 survey sites during the first monitoring period from 1986 to 1992. HC = hard corals; DCA = dead coral with 
algae; RCK = non-carbonate bedrock; R = Rubble; S/SI = sand/silt. C1 = Cyrene Reef North; C2 = Cyrene Reef South; 0H1 = Pulau Hantu Northeast; H2 = Pulau 
Hantu West; HW1 =Hantu West Patch Reef East; HW2 = Hantu West Patch Reef West; L2 = Lazarus Island Northeast; L4 = Lazarus Island Southwest; R1 = 
Raffles Lighthouse Northeast; R2 = Raffles Lighthouse West; S1 = Pulau Semakau Northeast; S2 = Pulau Semakau West. Text above or below each chart 







Figure 2.12 (a) Map showing the survey sites with the numbered red eclipses representing mainland reclamation projects and numbered blue eclipses represent the 
offshore reclamation projects, with the numbers corresponding to the reclamation projects referenced in Table 2.7. (b) Graph showing the changes in hard 
coral cover recorded at 12 survey sites and 6 reef areas during five monitoring periods of 1987 to 1991, 1993, 1997-2000, 2003 and 2007-2009. Red dots 
represent survey sites and the imbedded charts illustrate the changes in hard coral cover grouped into the 6 reef areas. C1 = Cyrene Reef North; C2 = 
Cyrene Reef South; H1 = Pulau Hantu Northeast; H2 = Pulau Hantu West; HW1 =Hantu West Patch Reef East; HW2 = Hantu West Patch Reef West; L2 = 
Lazarus Island Northeast; L4 = Lazarus Island Southwest; R1 = Raffles Lighthouse Northeast; R2 = Raffles Lighthouse West; S1 = Pulau Semakau Northeast; 




Table 2.7 Summary of changes in hard coral cover at the 12 survey sites within the 6 reef areas during the four monitoring periods (monitoring periods one and two 
and monitoring periods three and four are combined for discussion), overlaid with the timeline for major long-term and large-scale coastal reclamation 
projects. The reported reclamation duration of each project is highlighted in orange, and the red highlight for project 1 and 7 indicate that the timeline 
extends beyond the specified year. 
   Monitoring Period 1  2    Monitoring Period 3  4    Monitoring Period 5   



































































1. Marina Bay Reclamation 
Project (since 1970’s) 
                            
2. Tuas View Reclamation 
Project  
  
     




3. Tuas View Extension Project 
        
                  
4. Pasir Panjang Terminal 
Phases 1 & 2         
                   
5. Semakau Landfill 
        
                    
6. Jurong Island 
        
                  
7. Sentosa Cove 
       
                     
8. Southern Islands (St John's 
group)         
                    
9. Pulau Busing                             
10. Pasir Panjang Terminal 
Phases 3 & 4 (on-going)         
                  
Cyrene 
Reef 
- Within cluster of patch reefs 
closest to mainland 
- C1 is located  directly facing 
mainland 
- C2 faces south and within 
narrow channel opposite 
adjacent patch reef 
  
- Closest reef to the Tuas View but 
furthest from the Marina Bay 
reclamation project areas` 
   
- Closest reef to the all but the Semakau 
Landfill and Southern Islands project areas 
  
  
- Closest reef to all project areas 
  
- Hard coral cover was lowest at Cyrene 
reef compared to the other five reef sites 
- Hard coral cover declined significantly 
at C1 at 0m and 3m 
- Decline at C2 was lower at 0m 
compared to 3m and 6m 
   
- No data for C1 during 3rd and 4th 
monitoring phases  
- HC cover at C2 0m increased back to first 
monitoring phase levels  
- No surveys at 6m and 10m depths  
   
- - Hard coral all but disappeared 
at C1 at all depths 
- Hard coral cover at C2 still 
maintained at pre-development 







- Fringing reef within the south-
eastern coral reef cluster 
- L2 was located at the north-
western end of the island that 
reclaimed in between 2000 to 
2007 
- L4 is located along the south-
eastern end of the island  
  
-Closest reefs to the Marina Bay but  
furthest from the Tuas View project 
areas 
   
- Closest reef to the Southern Island but 
furthest from the rest of the project areas    
- Furthest to all project areas 
  
- Hard coral cover declined significantly 
at L1 at 0m but maintained at 3m  
- Hard coral cover was low at L4 and 
largely limited to 0m but increased 
slightly 
   
-  Site L2 no longer exist and was lost 
reclamation 
 Hard coral cover at L4 only present at 0m 
but remained very low 
- No surveys at 6m and 10m depths 
   
- Hard corals at L4 increased 




- In the middle of the southern 
coral reef cluster and sheltered 
from mainland by Pulau Busing  
- H1 is located at the north 
eastern end Pulau Hantu facing 
Pulau Bukom 
- H2 is located within a narrow 
channel opposite an adjacent 
patch reef 
  
- Relatively far from all project areas 
   
- Relatively far from the mainland and 
Southern Islands but close to the rest of the 
project areas 
   
- Relatively far from the mainland 
and Southern Islands but close to 
the rest of the project areas 
  
- Hard coral cover was lower at H1 than 
H2 at all depths and declined at 0m and 
3m at both sites 
   
- Hard coral cover at 0m remained relatively 
unchanged at H1 and increased at H2, and 
continued to decline at 3m at both sites 
- No surveys at 6m and 10m depths 
   
- Hard coral cover at 0m increased 
at H1 and was maintained at H2 
- Hard coral cover decreased at 
3m 
Hantu West 
- Patch reef adjacent to Pulau 
Hantu to the East and from 
mainland by Pulau Busing 
- Both sites at opposite sides of 
the reef and within narrow 
channels 
  
- Relatively far from all project areas 
   
- Close to the Semakau Landfill and Jurong 
Island but relatively far from all other 
project areas 
   
- Relatively close to the Jurong 
Island by relatively far from all 
other project areas 
  
- Hard coral cover at 0m and 3m 
declined at both sites  
- Hard corals at 6m and 10m very low 
   
- Hard coral cover at 0m unchanged at HW1 
but decreased at 3m 
- Hard coral at 0m and 3m unchanged at 
HW2 at 3rd monitoring 
-  No surveys at 6m and 10m depths 
   
- No survey was conducted at 
HW2  
- Hard coral cover at 0m and 3m 
continued to decline at HW1 
Pulau 
Semakau 
- Fringing reef within the south-
eastern coral reef cluster 
- S1 is located at the 
northeasters tip  
- S2 is located within a narrow 
channel opposite an adjacent 
patch reef 
  
- Relatively far from all project areas 
   
- Close to the Semakau Landfill and Jurong 
Island but relatively far from all other 
project areas 
   
- Relatively far from all other 
project areas 
  
- Hard coral cover at 0m declined at S1 
but increased slightly at S2 
- Hard coral cover at 3m decreased at 
both sites  
- Hard corals at 6m remained 
unchanged at S1 but decreased at S2 
   
- Hard coral cover at 0m and 3m increased 
at S1 but decreased at S2 
- Hard corals at 6m remained unchanged at 
S1 but increased E21at S2 
   
- Hard coral cover at 0m 
decreased at S1 but increased at 
S2 
- Hard coral at 3m and 6m all but 




- Southernmost island in 
Singapore   
- Furthest from all project areas 
   
- Relatively close to the Semakau Landfill  
but far from all other project areas    




- Fringing reef within the south-
eastern military islands cluster 
- R1 is located long the north-
eastern tip of the island  
- R2 is located along the 
western coast of the island 
  
- Highest hard coral cover of all six sites 
- Hard coral cover at 0m was generally 
unchanged at both sites, decreased at 
3m at R1  
- Hard coral cover at 6m and 10m 
remained relatively unchanged at R1 
but declined at R2 
   
- Hard coral cover at 0m decreased at both 
sites, increased at 3m at R1 but decreased at 
R2 
- No surveys at 6m and 10m depths 
   
- No survey was conducted at R1 
- Hard coral cover increased at 0m 
at R2 but decreased at 3m and all 






Figure 2.13 Changes in the physical benthos characteristics at the 12 survey sites and 6 reef areas along the two shallower depth zones of 0m and 3m, during five 
monitoring periods of 1987 to 1991, 1993, 1997-2000, 2003 and 2007-2009 (Refer to Figure 2.11a for location of survey sites). Only Data for the 3m depth 
zone was not available for the fifth monitoring period. C1=Cyrene Reef North; C2=Cyrene Reef South; H1=Pulau Hantu Northeast; H2=Pulau Hantu West; 
HW1=Hantu West Patch Reef East; HW2=Hantu West Patch Reef West; L2=Lazarus Island Northeast; L4=Lazarus Island Southwest; R1=Raffles Lighthouse 
Northeast; R2=Raffles Lighthouse West; S1=Pulau Semakau Northeast; S2=Pulau Semakau West. Data for site L2 was only available up to 2003 after which 
the site was lost to land reclamation.  
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2.4.7.2 Current spatial distribution 
A total of 142 coral reef benthos surveys were conducted between 2007 and 2009 during 
this dissertation research to compile a status profile of the coral reefs of Singapore. The analysis 
excludes all data collected from surveys conducted along submerged granite revetments. The 
surveys covered Singapore’s entire reef environment and provides the most comprehensive 
review of the current status of Singapore’s coral reefs. There were numerous options for 
grouping the 142 sites into reef clusters, but for this assessment, the sites were grouped into 13 
spatial reef clusters based on their proximities to each other (Figure 2.14). The meant that the 
reef clusters varied greatly in their spatial reef coverage and consequently, the number of 
surveyed sites represented within each cluster; however, this did not affect the assessment.  
I ran an agglomerative hierarchical clustering (AHC) multivariate analysis (Arabie et al., 
1996, Everitt et al., 2001, Sokal & Rohlf, 1995) on the three reef metrics of hard coral cover, taxa 
richness (hard coral genera) and Shannon’s diversity (H’) for the 142 reefs, using Pearson’s 
correlation similarity coefficient to determine the proximity matrix, and then applied an un-
weighted pair-group average linkage agglomeration method to generate hierarchical classes 
based on a 95% similarity criterion. The analysis could similarly be done using other reef 
metrics to represent other reef characteristics. A total of four hierarchical classes were 
generated for the 142 reefs. The summary of the AHC analysis is presented in Appendix A.2.1.   
The results of the AHC multivariate analysis were summarised based on the four class 
characteristics of the three assessed reef metrics and were used to assign zone memberships to 
the 12 reef clusters, based broadly on a nearshore to offshore spatial gradient described in 





Table 2.8 Nearshore to offshore spatial zone membership of the nine reef clusters based on characteristic 
of AHC class characteristics. 
 
AHC Classes 
1 2 4 3 
AHC class characteristics  
Number of reefs 9 20 79 34 
Hard coral cover (%) 
Average 1 11 17 36 
Minimum <1 6 8 13 
Maximum 3 16 23 63 
Taxa (hard coral genera) 
richness 
Average 5 20 20 24 
Minimum 1 13 10 8 




16% 54% 56% 65% 
Shannon’s diversity, H’ 
Average 1.37 2.81 2.81 2.94 
Minimum 0.00 2.56 2.15 1.76 
Maximum 2.01 3.13 3.19 3.29 
Proportion of H’max 50% 80% 82% 84% 
Distribution of AHC classes within reef clusters (total number of reefs per cluster in parenthesis) 
Cyrene reefs, CY (5 reefs) 20% 20% 40% 20% 
Hantu reefs, HT (6 reefs)   50% 50% 
Jong, JO (4 reefs)  50%  50% 
Kusu, KU (6 reefs)    100% 
Labrador, LB (3 reefs) 33%  33% 33% 
MINDEF islands, MD (37 reefs)  5% 8% 86% 
Pempang reefs, PP (15 reefs)  13% 13% 43% 
Raya reefs, RA (17 reefs)  6% 35% 59% 
Sentosa & Tekukor, SE (14 reefs)  43% 43% 14% 
Pulau Seringat & Kias, SG (6 reefs) 100%    
Sisters Islands , SI (2 reefs)    100% 
Semakau reefs, SE  (13 reefs)  23% 23% 54% 
St. John’s & Lazarus, SJ (14 reefs)  7% 21% 36% 46% 
Nearshore to offshore spatial zone characteristics (relative to each other) 
Zone 1 – Most impacted  
- Highest turbidity and sedimentation rates but lowest underwater visibility and 
secchi depth of the three zones 
- Substrate poorly consolidates with high silt proportion 
- Lowest hard coral cover, taxa richness (hard coral genera) and Shannon 
diversity, H’  
- Represents the zone with the poorest coral reefs in Singapore 
Zone 2 – Intermediate 
- Widest spatial reef coverage  
- Highest variability in turbidity, sedimentation rates, underwater visibility and 
secchi depth between reefs within the zone 
- Substrate quality variable between reefs; mostly consolidates or loose 
- Variable hard coral cover, taxa richness (hard coral genera) and Shannon 
diversity, H’ 
- Represents the zone with the highest variability in reef condition Singapore 
Zone 3 – Least impacted 
- Lowest turbidity, sedimentation rates but highest underwater visibility and 
secchi depth of the three zones 
- Substrate highly consolidated 
- Highest hard coral cover, taxa richness (hard coral genera) and Shannon 
diversity, H’ 




Figure 2.14 The current status and spatial distribution of coral reefs in Singapore based on comprehensive surveys conducted at 142 sites. Reefs are grouped into 13 
clusters within three nearshore to offshore spatial zones based on the four AHC classes calculated using hard coral cover, taxa (hard coral genera) richness 
and Shannon’s diversity, H’. The gradient also reflects similar water quality gradients. Zones are demarcated by coloured band and labelled coloured 
eclipses represent individual reef cluster.
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The current subtidal coral reefs in Singapore occupy just over an estimated 1km2 in total 
area. They occur as fringing reefs around shorelines or patch reefs that become exposed during 
neap tides, with only a few that remains completely submerged, with a total of 66 unique reef 
areas are currently identified for Singapore.  
It is evident from this dissertation research that coral reefs occur at almost every possible 
subtidal environment in Singapore, even the most marginal, if there is some degree of 
consolidation on the reef; and the results implies the following three important characteristics. 
Firstly, although largely considered marginal, the coastal waters of Singapore are still able 
to support hard coral survival; however their survival is only limited a narrow photic zone of 
around 3m in the most marginal nearshore environments and up to 10m further offshore. Ad 
hoc water quality measurements of dissolved oxygen, salinity, temperature and nutrients have 
largely met or exceeded the minimum marine water quality criteria for aquatic life protection 
established by the ASEAN secretariat (ASEAN, 2008; Dikou & van Woesik, 2006; Teo, 2008). 
Extensive coastal water quality monitoring has been, and continues to be conducted in 
Singapore by various government agencies either as long-term baseline monitoring (e.g., by the 
Maritime and Port Authority of Singapore) or as part of EMMPs for development projects. 
However, such information remains restricted but is it expected that the monitoring, especially 
for EMMPs, is conducted to ensure compliance with stated environmental quality criteria, and 
should therefore reflect acceptable water quality within Singapore coastal waters. Within the 
context of coral reef health, the marginality of Singapore’s coastal waters is largely associated 
with sediment related processes like elevated turbidity, suspended solids and sediment 
deposition. The interplay between these stressors has been, and will continue to be the main 
influencers, and the way they are currently managed will be a critical factor in defining 
Singapore’s future coral reef status. 
Secondly, the fact the hard coral recruitment was continually observed in almost every reef 
area surveyed implies a continued larval supply within Singapore’s coastal waters. A recent 
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study by Tay et al. (2012) suggest good larval connectivity within Singapore’s entire coral 
reefscape with strong local seeding from several source reefs, especially from the “healthier” 
reefs within Zones 2 and 3. In addition, yearly observations of synchronous mass spawning of 
hard corals since 2002 at Raffles Lighthouse or Pulau Semakau (Guest 2004; pers. obs.) further 
implies the continued reproductive capabilities of Singapore’s corals, a crucial factor in securing 
the long-term survival and maintenance of Singapore’s coral reefs. Although not documented 
quantitatively, mass coral spawning observed from 2002 to 2012 indicate that spawning corals 
were almost exclusively limited to a narrow depth zone not exceeding 1m below the reef crest 
at Raffles Lighthouse and Pulau Semakau. This would imply that only corals in the upper 1m to 
2m of the coral photic zone are deriving sufficient energy on a yearly basis to support 
gametogenesis and reproduction, and is an important consideration when considering species 
or habitat level management. This observation will however need to be empirically verified.  
Thirdly, the availability of suitable consolidated substrate for coral larvae to recruit on is 
beginning to emerge as a critical limitation on Singapore’s remaining coral reefs. Coral have 
been observed to recruit on almost every available substrate in Singapore, from fiberglass 
surfaces (Loh et al., 2006) to rubble, granite chips, concrete structures, metal and rope debris 
and granite boulders (pers. obs., this study). Preliminary assessments from an on-going study 
imply that all things being equal, substrate availability and substrate quality are the two more 
critical factors in determining successful larval recruitment and survival, and perhaps even 







Singapore has lost much of her coral reefs; 61% of her intertidal coral reefs have 
disappeared to land reclamation since 1953, and her subtidal coral reefs, which are critical for 
maintaining her biodiversity, have declined by almost 90% to less and 1km2. An on-going 
review assessing ecosystem threshold in coral reef management (in prep.) suggest that 
Singapore’s coral reefs may either be in a unsteady stable state of dynamic equilibrium, i.e., 
progressing in a trajectory that will shift her current ecological baseline to an alternative state; 
or a steady unstable state of dynamic equilibrium, i.e., currently in stases but liable to move to 
an alternative state given a sufficiently significant environmental trigger. 
Although the situation sounds dire, recent evidence is more than encouraging. The current 
distribution of Singapore coral reefs, with the historically best reefs still very much intact 
thanks to the fortuitous creation of the military training areas furthest south of the main island, 
has meant that the coral reef generic reserves have not been adversely compromised. This small 
but very significant circumstance, together with the excellent small scale larval connectivity 
within Singapore’s coastal waters and the maintenance of viable reproducing coral reef 
populations suggest that Singapore’s coral reefs have good potential for long-term survival and 
sustainability provided that the following key recommendations are implemented: 
1.  The reefs within the military islands and the surrounding reefs remain intact to 
maintain Singapore’s coral reef generic reserves; 
2.  Improved management of coastal development activities, through the legislated 
requirements of EIA and EMMPs; 
3. Establish a tiered marine water quality criteria to meet specific management objectives; 
4. Optimise environmental and biological data collection through the implementation of 
diagnostic monitoring protocols and tools; 
5. Leverage on the good larval connectivity by constructing suitable subtidal structures 
that will provide substrate for the recruitment of corals and other reef organisms; and 
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6. Manage small scale activities with high potential for causing severe local damage that 
fall under the management radar; especially deployment of fish traps or gill nets and 
vessel groundings and grazing. 
The good news is that many aspects of the above recommendation are already implemented 
in some way, either intentionally (e.g., recommendation 2) or unintentionally (e.g., 
recommendation 1 and 5). However, more can be done at the resource management and 
legislative levels to tie all the loose ends and to put forward a holistic management framework 
that can ensure the long-term survival and maintenance of Singapore’s coral reefs.
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3 Coral Reef Benthic Surveys for Monitoring and Management 
 
“The quest for absolute certainty is an immature, if not infantile, trait of thinking.”  
 
~ Herbert Feigl, “Inquiries and Provocation: Selected Writings”, 1929-1974 ~ 
 
3.1 The role of coral reef benthic surveys in monitoring and 
management  
Coral reef monitoring refers to the gathering of any variety of biological, social, physical or 
environmental data and information on coral reef ecosystems over an intermittent (regular or 
irregular) time periods, using any variety of survey methods. Coral reef benthic surveys, by 
virtue of their recording the keystone hard coral benthos, are the backbone coral reef 
monitoring programme. 
There are different types of monitoring depending on the specific objectives or goals; for 
example, scientific monitoring to test a specific hypothesis (e.g., Connell et al., 1997; Smith et al., 
2009); status or surveillance monitoring to determine trends (e.g., Callahan et al., 2007; 
PhilReefs, 2003; Sweatman et al., 2011); regulatory or compliance monitoring to evaluate the 
extent of compliance with a formulated environmental quality standard (e.g., PIANC, 2010), or 
diagnostic monitoring to evaluate the degree of deviation from an expected norm (e.g., Cooper 
et al. 2008). The primary role of benthic surveys in most coral reef monitoring programmes 
therefore include assessing baseline conditions; determining and quantifying deviations from 
normality, if any; and where possible, determine the causes of deviation. 
Numerous survey methods and protocols have been developed to monitor the different reef 
components, and they range from technically challenging to simpler methods that can be 
conducted by a non-scientific leisure diver. Hill & Wilkinson (2004) provides a comprehensive 
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review of the most commonly used coral reef survey methods, their advantages and 
disadvantages, and their application in monitoring programmes for management.  
However, having a survey or monitoring programme does not always translate to effectives 
solution for management; there are still major gaps in measuring the impacts of our actions 
through surveys and as Downs et al. (2005) have observed, few, if any, of the major monitoring 
programs are able to quantify putative reef deterioration factors (e.g., pesticide run-off, 
siltation, fresh-water input) in conjunction with monitoring ecological responses. For example, 
monitoring changes in hard coral cover at a coral reef within the impact footprint of a sediment-
related event like dredging may show a decline in coral cover and an increase in dead coral or 
rubble cover, but unless data on various sediment-related variables like turbidity, total 
suspended solids and sediment accumulation are also collected at the same time and at the site, 
and unless the specific responses to the various sediment impacts are known together with 
stressor-receptors response thresholds, there can be little correlative data to connect putative 
stressors with the observed ecological effects. In many assessments, such causes can only be 
implied or inferred, as in the case for hard coral cover decline observed in Singapore (Section 
2.4.7). 
Thus, even as we acknowledge the important role that coral reef benthic survey and 
monitoring have in management, we need to also acknowledge their limitations and find ways 
to overcome or negate these limitations without needing to fundamentally change or replace 
existing methods.   
3.2 Review of benthic survey methods 
Since the mid 1970’s, a variety of quantitative visual survey methods have been proposed by 
biologists to survey and monitor sessile benthic communities. Despite the inherent differences 
in the specific mechanics of the methods, they invariably fall under two categories; the plotless 
method like line and point transects, and plot methods like belt transects and quadrats (Hill & 
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Wilkinson, 2004; Kinzie & Snider, 1978; Loya, 1978; Weinberg, 1981). Since the 1980’s, 
numerous coral reef survey manuals and have been developed (e.g., see Dahl, 1978; Dartnall & 
Jones, 1986; English et al., 1997; Hodgson et al., 2006; Lang et al., 2010; Uychiaoco et al., 2010) 
including general guidelines for applying various methods into coral reef monitoring 
programmes (COREMAP, 2006; Hill & Wilkinson, 2004; Marshall & Schuttenberg, 2006). 
At a management level, the choice of benthic survey method/s are not necessarily 
scrutinized in detail since the goals of monitoring for management rarely require strict scientific 
vigour and are often, especially in the last decade, conducted by non-scientists and volunteer 
groups. Within the handful of benthic survey manuals (Brown et al., 2004; CERMES, 2008; 
COREMAP, 2006; Dahl, 1978; English et al., 1997; Rogers et al., 1994;  Samways & Hatton, 2001), 
variations of the plotless method are often prescribed as the primary survey methods (e.g., see 
van Bochove et al., 2011; Green et al., 1997; Harborne et al., 2000; Harding et al., 2000; Nguyen, 
2003; Tun et al., 2008; van Der Meij et al., 2010; Wong & Chou, 2004).  
At a scientific level however, issues on methods accuracy and precision often dominate 
debate; in particular, questions associated with reconciling the consensus view relating to 
spatial and temporal changes in reef condition (Edmunds, 2002; Lewis, 2002); time scales for 
coral development or deterioration (Connell et al., 1997; Hughes & Connell, 1999); and the 
performance of different measurements within the same or several reef system (Goodwin et al., 
1976; Harding et al., 2000; Leujak & Ormond, 2007; Nadon & Stirling, 2006; Uychiaoco et al., 
1992). A total of 13 studies focussing specifically on accessing differences and compatibilities in 
benthic survey methods were published between 1976 to 2007 – primarily focusing on 
assessing differences between plot and plotless methods using a combination of field 
assessments and/or computer simulations – have provided significant insights into the accuracy 
and/or precision between various visual survey methods, although offering no clear 
recommendations on the most suitable survey method/s to implement for answering specific 
management questions at the required sampling resolution (see summary in Table 3.1).  
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Among the 13 publications reviewed, there were considerable variations in the results and 
subsequent conclusions; Goodwin et al. (1976) found that the belt method was comparable to 
the quadrat method; Kinzie & Snider (1978) found that all methods assessed performed poorly 
in estimating percent cover; all the methods evaluated by Weinberg (1981) overestimated hard 
coral cover, with the quadrate method identified as the most accurate and the point method the 
least; Dodge et al. (1982) found no differences in all the methods accessed; the simulated reefs 
in Ohlhorst et al. (1988) study found the point method to be the most efficient compared to the  
quadrat and line-intercept methods, similar to the results of  Beenaerts & Berghe (2005), 
Harding et al. (2000), Nadon & Stirling (2006) and Segal & Castro 2001; Chiappone et al. (1991) 
found the line intercept method to be more accurate than the quadrat method; while Lam et al. 
(2006), Leujak & Ormond (2007) and Uychiaoco et al. (1992) all found that the video point 
method to be the more accurate and suitable in evaluating benthos cover compared to the line 
intercept or photo point count method.   
For many on-the-ground practitioners, resource managers and volunteer groups who 
usually lack the scientific background to make sense of the barrage of differing results and 
conclusions, the utility of these studies are often lost or overlooked. The preference has been, at 
least among my coral reef monitoring peers in Southeast Asia, to adopt commonly used survey 
methods with simple procedures and analysis routines to answer a few key management 
relevant question (e.g., national monitoring programmes described in Chou & Tun, 2005; Nanola 
Jr. et al., 2005; Tuan et al., 2005; Yeemin, 2005; Suharsono, 2005; Sour et al., 2005; Tun et al., 
2008). At the same time, with decreasing funding committed to comprehensive long-term 
monitoring programmes in many countries, there is an increasing tendency to rely on volunteer 
survey and monitoring data (Comley, 2004; Nguyen, 2003; Tun et al., 2008; Wilkinson, 2008; 
van Der Meij et al., 2010) to supplement other data sources.  
Although all the studies used variations of the plot and plotless methods, they differed in 
scale (1 reef to 13 reefs), scope (combination of methods), replication (one to over 20 replicate 
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transects per method), reef quality (one to several reef quality categories), assessment type 
(field and/or simulation) and analyses routines. Despite these differences, majority of the 
studies identify the point method as the most cost effective while providing comparable 
accuracy and precision as the other methods, including the most commonly used LIT method. At 
the same time, there are growing recommendations to use video or photographs in combination 
with the quadrat point method in monitoring given the increasing accessibility and declining 
hardware investment costs, deployment of non-coral reef specialist for data collection, 
increased data collection speed and the ability to conduct various post-survey data extraction 
and analyses (Dumas et al. 2009; Lam et al. 2006; Leujak & Ormond 2007; Nakajima et al. 2010; 
Uychiaoco et al. 1992). However, despite their apparent advantages, the visual plotless line and 
point intercept transect methods still dominate monitoring programmes in many countries. The 
reasons are many and not within the scope for discussion in this study; however, I believe that 
the most compelling reason for their lack of uptake is related to the local environmental 
limitations; increasingly, surveys and monitoring programmes are conducted in marginal coral 
reef environments, e.g., within highly turbid coastal waters, where the limitations associated 
with the video and photographic methods outweigh their utility, resulting in an overall decline 
in data consistency and quality (due to poor visibility) while increasing the overall time needed 
for data collection and processing. Thus, where marginal environmental conditions impose 
operational constraints, in situ visual survey methods remain the most reliable methods for 




Table 3.1 A summary of studies conducted between 1976 and 2007 to access the differences in various benthic survey methods. 
Year Methods Assessed Assessment Type 
(Field/Simulation) 
Objective of Study Survey Description Attributes/Metrics  
Compared 
Comparison Routines Main Findings Reference 
1976 Quadrat-area; Belt-area Field Comparing the accuracy and 
precision of grid, transect and 
random quadrat methods 
2 reefs x 400m2 plots % coral genera cover 
 
% difference of attribute between 
methods 
Hard cover of approximately 26% and 30% was 
recorded at the reefs 
 
Belt – comparable to quadrat if at least 15% of the study 
area included in the survey 
Goodwin et al., 1976 
1978 Line-intercept length 
 
Line-point; Quadrat-point 
Simulation Comparing the accuracy of four 
different sampling techniques in 
estimating known reef parameters 
3 reef categories (25m2, fixed 
attributes); 10 x 10m (line, point);  
3 x 1m x 1m (quadrat point) 
% coral cover; 
abundance (# of corals) 
+ 20% accuracy against known cover Hard cover of the 3 simulated reefs not indicated 
 
All four simulated methods were assessed as equally 
poor in estimating cover  
Kinzie & Snider, 1978  





Quadrat-area, photo and 
mapping 
Field Comparing six survey methods in 
estimating the number of hard coral 
species, relative % coverage 
population densities 
1 reef x 100m2 area, from with: 
13m2 was covered using quadrat area  
50m – Line intercept 
110m – Line point 
24m2 – Quadrat point 
32 points – Point-center quarter 
55m2 – Photo 
13m2 – Mappings  
% coral cover 
Abundance (# of corals); coral 
species diversity 
 
Friedman two-way analysis of 
variance by ranks 
Hard coral cover of approximately 25% was recorded 
for the reef 
 
Standardization based on time and not replicates or area 
 
Line and point methods – did not accurately represent 
hard corals cover  
 
Weinberg, 1981 
1982 Line-Intercept length 
 
Line-point; Quarter-point  
 
Belt-area  
Field Comparing the performance of four 
survey methods in estimating hard 
coral cover and diversity 
3 reefs x 10m (line, quarter 
point),100m (point) or 30m (belt-area) 
% coral cover; 
abundance (# of corals); coral 
species diversity 
 
% difference of attributes between 
methods  
Hard coral cover of 13%, 17% and 26% were recorded 
at the three reefs 
 
Results are comparable for all four methods  
Dodge, 1982 






surveys to determine 
actual duration of each 
survey method)  
 
Comparing the line, point and quadrat 
methods in estimating hard coral 
cover and diversity in simulated reef 
types 
3 simulated reef types with 10 hard 




% coral cover; 
coral species diversity 
Comparison against predetermined 
cover 
Hard coral cover of approximately 50% was simulated at 
the 3 sites 
 
Simulations standardized based on time and not 
replicates or area 
 
Point - most efficient at yielding species abundance 
estimates 
 
Quadrat - took two to four times as long as the point 
method  
 
Line - intermediate in efficiency 
Olhorst et al., 1988 
1991 Line-intercept length; 
 
Quadrat-area 
Field Comparing the presence/absence, 
line and quadrat methods in 
estimating coral colony density, cover 
and diversity  
13 reefs x 50m transverse lines with 
10m perpendicular  transects  
% coral cover; 
abundance (# of corals); coral 
species diversity 
 
Bray Curtis similarity of attributes Hard coral cover ranged from 4% to 30% at the 13 sites 
 
Line – assessed as the better method of the three for 
characterizing reef communities 
Chiappone & Sullivan, 1991 




Field Comparing the video transect, line  
intercept transect and in-situ 
mapping  methods in estimating hard 
coral cover 
1 reef x 20m transect x 1m belt % benthos cover, including 
hard coral growthform and 
genera 
% difference in % cover Hard coral cover of over 30% were recorded at the 
survey site 
 
Line – simple, moderately time efficient but not precise 
 
Mapping – detailed but time-consuming 
 
Video – rapid, efficient but requires specialized 
equipment 
Uychiaoco et al., 1992 
2000 Line-intercept length 
 
Line-Point 
Field Comparing the accuracy and 
precision of the line, point and belt 
methods in assessing benthos cover 
and hard coral diversity 
1 reef x 20m transect x 2 replicates x 
50cm interval for PIT 
% cover of main benthos 
substrate categories 
% difference of attributes between 
methods 
Hard coral cover of over 60% were recorded at the 
survey site 
 
Similar accuracy & precision between the three methods 
 
Accuracy & precision declined for each method with 
decreasing coral cover 
 
Point – most cost effective 
Harding et al., 2000 
2001 Line-intercept length 
 
Point-intercept 
Field & simulation Comparing line and point intercept 
methods in assessing the percent 
cover of 3 species of hard corals 
5 reefs x 20m x 1 replicate 
 
20 replicate LITs simulated from each 
of the 5 field LIT transect 
 
% cover of 3 hard coral species Comparison of standard error at 
different simulated point intercept 
points 
Simulated cover of the 3 coral species ranged from 0% 
to 25%  
 
Point – a resolution of 20cm produced the least standard 
error for all 3 species 
  








Field Comparing the efficiency of three 
methods to estimate hard coral cover, 
genus richness and Shannon diversity 
index 
2 reefs x 10m transects x 27 and 21 
replicated at each reef respectively 
% hard coral cover, species 
richness (# of species) and 
species diversity  
Correlation; pairwise t-test; 2-way 
ANOVA 
Hard coral cover of 20% and 60% were recorded at each 
of the two reefs 
 
No significant difference in the three methods 
 
Point – faster and more time efficient than line 
Beenaerts & Vanden 
Berghe,2005 
2006 Line-intercept length 
 
Quadrat-point 
Filed Comparing the accuracy and 
precision of video transects and point 
intercept transect (PIT) methods  
3 reefs  x 20m transect x 4 replicates x 
50cm intervals (for PIT) 
3 reefs x  50m transect x 15 and 5 
replicates x 5000 points/replicate (for 
the two video methods) 
% cover of main benthos 
substrate categories and hard 
coral species; hard coral 
species diversity indices 
Pairwise t-test, Multi-Dimensional 
Scaling analysis; Minimum Detectable  
Difference 
Hard coral cover of approximately 30%, 50% and 90% 
were recorded at each of the three  reefs 
 
No significant difference between the two video 
methods 
 
Point - Tended to over-estimate percentage cover at 
sites where corals are not extensive  
 
Video – higher precision than point and assessed as the 
more suitable method 
Lam et al., 2006 





Field & simulation 
  
Comparing the repeatability, cost-
efficiency, precision, and accuracy of 
three methods  
1 reef x 3 zones x 20m transects  x 10 
replicates 
% hard coral cover Accuracy & Precision against known 
cover 
Hard coral cover of 1%, 2% and 10% were recorded at 
the three reef zones 
 
Simulations indicated that accuracy and precision of the 
three methods decrease sharply with decreasing coral 
cover 
 
Point - most cost-effective for measuring coral cover 
while being at least as precise and accurate as the other 
two methods 
 
Sample size of between 5 and 10 replicate transects is 
appropriate at either high or low coral cover sites 
Nadon & Stirling, 2006 








Field Comparing the accuracy and 
precision of six survey methods in 
recording benthic substrate cover, 
and estimating the time and cost-
efficiency between methods 
1 reef x 50m (divided into 5m x 10 
replicates) 
% cover of main benthos 
substrate categories; hard coral 
growthforms; coral genera 
diversity 
Accuracy & 
Precision against known cover (reef 
mapping) 
Hard coral cover of 40% were recorded at the survey 
site 
 
Video point - provided the most accurate cover 
estimates of major benthic substrate categories 
 
Line and point methods - overestimated the cover of 
some categories 
 
Photo-point or area - underestimated the cover of some 
categories 
Leujak & Ormond, 2007 
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3.3 Coral reef benthic survey protocols in Southeast Asia 
In the ever interconnected world we live in, coral reef degradation no longer occurs in 
isolation. Localised events usually have a wider regional footprint, and it is becoming more 
important to assess trends at larger regional and global scales to better understand how they 
manifest at the local levels (Burke et al., 2011; Connell et al., 1997; Maina et al., 2011; Pandolfi et 
al., 2003; Tun et al., 2008; Wilkinson, 2008). Global or region wide assessments are often 
challenging to conduct if they require the synthesis of data originating from different survey 
methods. It is therefore recommended that the standard methods be used in monitoring 
programmes to facilitate comparisons with data collected by other monitoring teams in your 
region (Hill & Wilkinson, 2004). 
Although the main focus of my dissertation research is on Singapore, I have included this 
section as a way to benchmark and evaluate the current status coral reef survey and monitoring 
at a regional level and to identify regional survey methods trends. 
Coral reef survey and monitoring initiatives in Indonesia, Malaysia, Philippines, Singapore 
and Thailand have a common history that started with a region wide capacity building 
programme in the mid-1980’s that saw the implementation of common coral reef survey 
methods in the five countries (Wilkinson & Sudara 1996). Vietnam joined the regional network 
soon after, and since then the network has remained largely intact and have continued with the 
survey methods that were previously established.  
As part of my regional coral reef monitoring involvement, I conducted a survey of the Global 
Coral Reef Monitoring Network (GCRMN) country coordinators to assess dominant benthic 
coral reef survey methods that are currently used in various national monitoring programmes 
(Table 3.2). The list is based on the inputs received, and is not implied to represent all coral reef 
monitoring activities in each country. 
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It is quite clear that most prevalent coral reef benthic survey method in Southeast Asia is the 
Reef Check method, mainly due to the demography of the stakeholders involved in various 
national survey and monitoring programmes who tend to favour the mechanistically easier PIT 
recording method with the simpler Reef Check protocol.  The LIT method following the English 
et al. (1997) protocol which was the original method used at the start of survey and monitoring 
initiatives in the region is still conducted in some countries but is mainly limited to academic 
agencies with the expertise to conduct the technically more difficult method.  
In Singapore, the LIT method using the English et al. (1997) protocol is adopted as the de 
facto method for detailed scientific surveys, environmental impact assessments and 
environmental monitoring and management programmes due to their known reliability and 
high recording resolution. However, with the point method showing comparable accuracy and 
precision in the reported studies, a key management decision in Singapore (and perhaps in 
other countries as well) will be to determine the feasibility of streamlining the LIT with the PIT 
method for all types of survey and monitoring activities that will still provide comparable data 
for assessing key reef assessment metrics for all reef quality within acceptable confidence levels 
for accuracy and precision. Such an assessment to facilitate a major method streamlining 
exercise will require an in-depth evaluation of both methods that extends beyond a few test 
sites and a few reef qualities. At the same time, such an assessment will allow the comparison of 
spatial and temporal data within and between local and regional reef systems that originate 
from the two survey methods. An assessment of this scale has not been conducted before, and is 
the focus of my work in Chapter 5.
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Table 3.2 Summary of the dominant benthic coral reef survey methods used Southeast Asia and the main coral reef stakeholders in each country. The highlighted 
yellow cells represent the benthic survey method that is prevalent each country. 
 
Brunei Cambodia Indonesia Malaysia Myanmar Philippines Singapore Timor-Leste Thailand Vietnam 
Dominant BENTHIC coral reef survey methods used in current national survey and monitoring programmes 
Line Intercept Transects 
(English et al. 1997) 






Point Intercept Transects 
(Reef Check) 




Video Transects N N Unknown N Y N 
Unknown 
N 
Manta tow N N Y N Y N N 
Main stakeholders involved in survey and monitoring programmes 
Resource management agency DoF FA COREMAP MNRE, SP, SF 
NA 









NGOs - CCC 
RC:I; CORAL; CI; 
Terangi; FFI 
RC:M, WWF:M RC:P; CCC - RCT 
Unknown 
Volunteer groups - SSPA Unknown Unknown Unknown BWV - 
Brunei : DoF = Department Fisheries; UBD = Univeristi of Brunei Darussalam 
Cambodia : FA = Fisheries Adminstration; CCC = Coral Cay Conservation; SSPA = Song Saa Private Island 
Indonesia : 
COREMAP = Coral Reef Rehabilitation and Management Programme; LIPI = Indonesian Institute of Sciences; RC:I = Reef Check Indo nesia; CORAL = Coral Reef Alliance;  
CI = Conservation International; Terangi = The Indonesian Coral Reef Foundation; FFI = Flora and Fauna International  
Malaysia :  
MNRE = Ministry of Natural Resources and the Environment; SP = Sabah Parks; SF = Sabah Fisheries; UM = Universiti Malaya; UMS = Universiti Malaysia Sabah;  
UMT = Universiti Malaysia Terengganu; RC:M = Reef Check Malaysia; WWF:M: = World Wide Fund for Nature (Malaysia) 
Philippines : 
DENR = Department of Environment and National Resources;; PhilReefs = Coral Reef Information Network of the Philippines; RC:P = Reef Check Philippines; 
CCC = Coral Cay Conservation 
Singapore : NBC = National Biodiversity Center; NParks = National Parks Board; NUS = National University of Singapore; BWV = Blue Water Volunteers 
Thailand : 
MCRRC = Marine and Coastal Research Center (The Central Gulf of Thailand); EMCRRC = Eastern Marine and Coastal Resources Center; CU = Chulalongkorn University; 
RU = Ramkhamhaeng University; PMBC = Phuket Marine Biological Center; KU = Kasetsart University; BU = Burapa University 
Vietnam : MARD = Ministry of Agriculture and Rural Development; IO = Institute of Oceanography 
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3.4 Limitations of current coral reef survey protocols 
One of the most commonly identified limitations of current coral reef assessments is the fact 
that data derived from the surveys often only effectively indicate changes in certain measured 
reef characteristics, for e.g., changes in abundance and diversity of reef biota (Downs et al., 
2005). In effect, such assessments are akin to post mortem assessments, only indicating a change 
after the event has occurred. Sometimes such assessments are the objectives of a particular 
programme, for e.g., a status or surveillance monitoring programme, but more often than not, 
the objectives of many survey and monitoring programmes extend beyond just assessing 
changes but also aims to determine why and how and by what. 
I find that this limitation is not so much a consequence of the method per se, which generally 
describes the mechanics of how a survey should be done and how data should be recorded, but 
a consequence of the prescribed protocol that adopt the methods, which specifically details 
what suite of data should be collected. When planning a coral reef survey or monitoring 
programme, we naturally start by referring to established methods and protocols, taking 
comfort in the fact that they have been tried and tested, and we often use them verbatim, 
perhaps modifying them slightly, but seldom stopping to ask if the specific suite of attributes 
that will be recorded are relevant to our reef environment of interest, and more importantly, we 
seldom ask if and how we can enhance the protocols to make them relevant for our specific 
objectives and reef situation. This is particularly evident in monitoring programmes in this 
region - all countries report using the original described protocols with almost no modification 
in the recorded attributes.  
From discussion with regional coral reef practitioners, it is clear that many realise the 
limitations of current protocols in providing the level of information needed to make diagnostic 
assessments of reef health in relation of changing water quality and other environmental 
stressors. Many also acknowledge the need to move towards more diagnostic survey protocols 
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and are aware of the recent suite of guidelines and recommendations to achieve this; e.g., the 
“stony coral rapid bioassessment protocol” by Fisher (2007) and  “coral-based indicators of 
changes in water quality on nearshore coral reefs of the Great Barrier Reef” by Cooper & 
Fabricius (2007). However, when asked if they would consider such a paradigm shift and adopt 
the recent recommendations, the answers were less encouraging. The main reservations many 
had were centred on resource limitations and the reluctance to change current methods or 
include a suite of additional protocols, which, if they follow the recommendations verbatim, 
would require. From these informal discussions, it is concluded that the main barrier to entry in 
Southeast Asia is the lack expertise and resources to develop country specific assessment 
protocols. If there was however, a way to incorporate at least some of the recommended 
indicators into current protocols without fundamentally changing the survey methods, then 
perhaps the barriers to entry can be lowered. 
This was a main impetus for me to go back to the basics and re-examine the current 
recording attributes for the English et al. (1997) LIT and the Reef Check PIT protocols, since 
they were the dominant coral reef benthic survey protocols used in Southeast Asia and 
Singapore. I analysed several decades of LIT data collected during the ASEAN Australia Living 
Coastal Resources project in Southeast Asia, as well as more recent Reef Check data that was 
made available through the Reef Check headquarters. 
Interestingly, I found some fundamental flaws is the hierarchical ordering of the reef 
attributes for the English et al. (2007) LIT protocol, and by changing the recording schema, I 
was able to increases the number of useful indicators and metrics that can be extracted from the 
data. In addition, I was also able to establish a ordered hierarchy of attributes which then 
allowed me to append additional attributes, in the form of indicator modules, to the existing 
survey protocol on a “opt-in” or “as-it-happens” basis (Chapter 4). By maintaining existing 
survey methods and protocols while providing a mechanism to increase the suite of recorded 
attributes at the same time on an “opt-in” basis, I was able to create an modular framework for 
81 
 
coral reef benthic surveys that incorporates several of the recommended indicators by Fisher 
(2007) and Cooper & Fabricius (2007), with the possibility of appending more according to 
local requirements and circumstances (Chapter 7). For want of a better description, I call the 
enhanced surveys, LIT+ and PIT+. I discuss the rationale and mechanics of the hierarchical 
reordering in the following section, and elaborate on the specific indicator modules for the LIT+ 
and PIT+ protocols in Chapter 4, and finally discuss the recommended framework for 
modularising coral reef survey protocols for Singapore in Chapter 7. 
3.5 Application of indicators and metrics in coral reef management  
Of all the many published definitions of resource management, the definition by Pahl-Wostl 
(2007) as “a purposeful activity with the goal to maintain and improve the state of an 
environmental resource affected by human activities” is perhaps the simplest and most succinct 
summary to describe coral reef management. If we apply this definition within the context of 
managing Singapore’s coral reefs, then the act of management of should: 
1. Guarantee the services provided by the coral reefs (e.g., shore line protection, fisheries, 
maintenance of biodiversity); 
2. Prevent their damage (e.g., sediment related impacts, oil spills, vessel grounding); and  
3. Maintain the state of the reefs for the use of future generations (e.g., ensuring their 
continued existence in designated recreational areas).  
Achieving these management goals will invariably depend on successful management of 
human activities that impact coral reefs directly or indirectly, and at different levels of 
ecological and biological organisation. This would require knowledge of stressors and their 
impacts on various coral reef attributes, and the measurement of suitable indicators that can 
link stressors to the coral receptors.  
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It is not the objective of my current dissertation research to discuss the mechanisms for 
implementing a coral reef management framework in Singapore; however, to illustrate the 
application of indicators and metrics in coral reef management, I have conceptualised a 
management framework that highlights the steps where the indicators and metrics come into 
play and is illustrated in Error! Reference source not found. below and briefly elaborated in 
the subsequent sub-sections.  
 
Figure 3.1 Flowchart of a potential coral reef management framework for Singapore indicating the 




Within the context of my dissertation research, an attribute refers to a measurable part or 
process of a coral reef system (e.g., hard coral, consolidation, turbidity, etc.); an indicator 
describes a measured characteristic of the attribute (e.g., hard coral cover; proportion of 
consolidated substrate, turbidity concentration), and a metric describes an indicator that is 
empirically shown to change along a gradient of human influence (e.g., nearshore to offshore 
gradient hard coral cover, reef consolidation or turbidity concentration gradients).  
For all purposes therefore, indicators and metrics represent the same reef attributes and 
only differ in the way they are applied in an assessment. My particular research interest is to 
develop tools to characterize the effects of anthropogenic stressors on the coral reefs of 
Singapore, and therefore, the chosen indicators will be reflected as metrics when used in that 
context. Otherwise, they are referred to as indicators.  
3.5.1 Step 1: Determine the management questions 
The first requirement in the management framework is to define the objectives for a 
particular situation. Management objectives will differ spatially and temporally depending on 
the situation at a particular time, and can be general, specific or situational (Table 3.3). 
Table 3.3 Examples of general, specific and situational coral reef management questions. 







What is the community structure of reefs within an area of interest? General 
How has the hard coral cover changed at various depths over the last 20 years? Specific 
Coral Condition 






What is the spatial trend in total overlying sediment accumulation? General 
What is the spatial trend in overlying sediment accumulation on sponges? Specific 
What is the temporal trend in overlying sediment accumulation on various reef 






What is the spatial substrate consolidation status between reefs? General 
Is there a nearshore to offshore trend in substrate consolidation? Specific 




3.5.2 Step 2: What do we need to know? 
Once management objectives are established, the next step is to assess the situation and 
determine what information is/are needed to meet the management objectives. This step 
requires scientific inputs to establish the status of the reefs, and may the historical baselines of 
coral reefs to be determined; e.g., the historical lower depth limits of coral growth, as well as to 
determine the current status or condition of the reefs of interest, e.g., to determine the current 
lower depth limits for coral growth are. In addition, a good understanding of on-going activities 
or natural phenomenon, in isolation and/or in combination with others, is required. 
There are numerous resources available to help to identify potential stressors related 
various threats originating from coastal activities (e.g., Cooper & Fabricius, 2007; Jameson & 
Kelty, 2004; PIANC, 2010), and a summary of the key natural and anthropogenic threats facing 
the coral reefs of Singapore are presented in Table 2.1 (Chapter 2). 
3.5.3 Step 3: Establish stressor-coral reef receptor interactions 
This is a crucial step in the management framework; it is a bridging step that links 
objectives to actions, and will determine the kinds of information to be collected. This step is 
very much dependent on science, and there have been numerous studies that have assessed 
various aspects of stressor-coral reef receptor interactions. Corals and coral reefs display a wide 
range of responses to short- and longer-term exposure to stressors, and these can be quantified 
at the level of the population or and community, individual colony or at the molecular level 
using a  combinations of in situ visual surveys as well as high-tech investigation methods. Table 
2.1 (Chapter 2) summarises the associated impacts of the identified threats and their influence 
on corals and coral reefs of Singapore, and in-depth reviews by Fisher (2007), Fabricius (2005) 
and Gilmour et al. (2004) provide the scientific evidence for numerous stressor-coral reef 
receptor interaction that are especially relevant to Singapore.  
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3.5.4 Step 4: What should be measured to meet the objectives? 
No singular indicator can be expected to represent the full complexities of a coral reef 
system, and a multi-indicator (and therefore a multi-metric) approach is recommended to 
represent a diverse range of responses (Fisher 2007). However, a non-exhaustive list of 
indicators that is not integrated at some level is also prohibitive and will not have much utility 
to coral reef managers. Therefore, the suite of selected indicators should as far as possible, be 
simple to collect and reflect the important reef attributes that will meet the stated management 
objectives, and will be discussed separately in Section 4.1. 
3.5.5 Step 5: Determine what tools are needed and what are available 
Once a list of candidate indicators are identified, the next step will be to determine what 
tools are needed to measure them, and then to assess if the tools are currently available, and if 
they are not, determine if additional resources are required and available to procure them. At 
this stage, candidate indicators can be shortlisted and prioritized according to the available 
resources and the circumstances at the point in time. The tools can be anything from survey 
methods and protocols, sampling and measurement instruments and molecular instrument. 
3.5.6 Steps 6 & 7: Determine assessment methods, conduct assessments, 
evaluate results, propose management action/s  
Once collected, the data needs to be analysed and assessed using pre-determined 
assessment methods to answer specific management questions. There are numerous manuals 
and publication that describe various assessment methods, e.g. in English et al. (1997), Hill & 
Wilkinson (2004) and Risk et al. (2001) to name a few and will not be elaborated further as this 





A coral monitoring programme is not just about going out and conducting regular surveys to 
assess the status of coral reef communities. That was perhaps how monitoring programmes first 
started several decades back (see examples in Dahl, 1981; Done, 1982; PhilReefs, 2003; Yap, 
1997; Tun et al., 2008), but they has evolved, especially over the last decade and particularly in 
more developed countries like the United States and Australia with dedicated coral reef 
management agencies to drive this evolution and to develop locally relevant diagnostic tools 
and biocriteria to strengthen monitoring programmes (Bradley et al., 2009; Fisher et al., 2008; 
Fabricius et al., 2011; Gilmour et al., 2006; Jameson et al., 2003). This evolution has not yet 
begun in Southeast Asia, where coral reef monitoring is still based largely on standard benthic 
survey methods with limited reported enhancement to include diagnostic elements or 
biocriteria in existing monitoring programmes (Tun et al., 2008). This is however changing, 
with regional coral reef stakeholders signalling their interest to move in that direction. In 
Singapore, I am proposing that the paradigm shift from the current descriptive survey and 
monitoring to a more diagnostic approach can be achieved through a two-pronged strategy 




4 Screening Indicators and Metrics for Assessing Changes in 
Coral Reef Environments 
 
“The “control of nature” is a phrase conceived in arrogance, born of the Neanderthal age of biology 
and the convenience of man.” 
~ Rachel Carson, “Silent Spring” ~ 
 
4.1 Coral reef benthic indicators and metrics for assessing the coral 
reefs of Singapore 
Knowledge of stressors and their impacts on various coral reef attributes does not 
necessarily mean we intuitively measure or monitor the suitable suite of indicators that link 
stressors to the coral receptors. In fact, the selection of inappropriate indicators is often cited as 
the limiting factor in coral reef management (Downs et al., 2005).  
Benthic coral reef “health” or status indicators that are currently used in Singapore are 
either focus on assessing and describing biological structure (e.g., hard coral cover, taxa 
diversity, etc.) or environmental conditions (e.g., suspended sediments, temperature, nutrients, 
etc.). There are a few local studies that have looked at various ecological processes, e.g., 
recruitment (Dikou & Van Woesik, 2006b; Loh et al., 2006), reproduction (Guest, 2004), plastic 
responses (Todd et al., 2001, 2004; Ow & Todd, 2010) and connectivity (Tay et al., 2012), but 
they have largely focussed on assessing trends or answering specific scientific questions with no 
published studies diagnosing specific causal linkages (e.g., biomarkers of specific stressors). 
Fortunately, recent efforts to move from descriptive to diagnostic monitoring and 
assessments have yielded several useful guidelines discussing the criteria for selecting 
indicators and metrics to assess effects of key stressors on corals and coral communities (e.g., in 
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Gilmour et al., 2004; Fisher, 2007; McField & Kramer, 2007), and they are summarised in Table 
4.1 below. 
Table 4.1 Five recommended criteria for indicator selection to assess the effects of key stressors on 
corals and coral communities of Singapore (adapted from Gilmour et al., 2004; Fisher, 2007 and 
McField & Kramer, 2007). 
Criteria Description 
Relevance  Indicators should provide a realistic reflection of a measures reef characteristic 
Responsiveness Indicators should detect changes in response to a stressor within an appropriate time frame 
Diagnostic capability Indicators should predict, or pre-empt impacts, rather than document them post mortem 
Specificity and sensitivity Indicators should be specific to the stressor of interest, or clearly attributable to that stressor, with low 
background variation, and should preferably be validated with both manipulative experiments and field 
observations 
Measurement feasibility Indicators should ideally be measurable using simple techniques that are cost effective and which allows 
data to be collected quickly, with precision and accuracy; be easily applied by a range of users with 
varying levels of expertise; and should easily integrated or appended into existing survey protocols 
To determine if we are currently collecting the data we need to assess Singapore’s coral reef 
benthic condition and the responses to stressors, I first determined the suite of potential 
benthic indicators that specifically assesses the impacts that were categorized to have high 
threat status from direct (localized) anthropogenic threats discussed in Table 2.1.  
As my focus is solely on benthic condition, I have excluded all benthic and motile indicators, 
e.g., the abundance and diversity of sponges, sea urchins or fish species in my assessment. 
However, their exclusion does not imply their lack of utility for assessing other aspects of coral 
reef condition and responses that are not addressed in my dissertation research. 
I identified a total of 18 coral reef stressor-response benthic indicators for Singapore, 
summarised into the following four assessment categories; indicators that reflect the responses 
at the biotic community level (bioindicators); indicators that reflect water quality changes 
specifically related to sediment dynamics; indicators that reflect changes in the physical reef 
framework, and an indicator that reflects hydrodynamic characteristics (Figure 4.1). Each 
indicator can be considered as an independent module, and their characteristics, 
implementation status, current or proposed measurement method, and their type or indicator 
category is presented in Table 4.2.  
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Of the 18 benthic indicators, 13 were classified as primary indicators specifically because 
they can be measured using any existing visual benthic survey protocol, and are thus the 
primary focus of my dissertation research.  The remaining five were classified as secondary 
indicators as they require separate assessment methods and protocols to measure them, and 
are only indicated and will not be elaborated on further. 
Of the 13 primary benthic indicators, 11 are existing indicators described in manuals or 
recommended in recent publications. Of these, eight can be considered primarily descriptive 
indicators with the remaining three are able to serve as diagnostic indicators depending on the 
assessment routine applied. Although published protocols are available for the 11 existing 
indicators, I have suggested modification to five of them, mainly because the existing protocols 
require them to be measured using stand-alone or independent survey methods. The 
modifications I have applied will allow them to be incorporated into existing survey protocols as 
“add-on” modules without requiring separate surveys to measure these additional attributes. 
Details of the remaining eight existing indicators can be obtained from the respective references 
indicated in Table 4.2, while proposed modifications to the measurement protocols and 
recording schemas for the five modified indicators are described in Table 4.3. 
In the course of my dissertation research, I developed two additional benthic indicators – 
overlying sediment accumulation and substrate consolidation – which I find have good 
diagnostic capabilities in qualifying and quantifying acute and chronic sediment impacts and the 
long-term development potential of Singapore’s coral reefs respectively. As these are newly 
proposed indicators, the rationale behind their recommendations, their measurement protocol 
and their recording schemas are described in detail in Sections 4.3 and 4.4. 
As a guide, regardless of the total number of target indicator modules identified for a survey, 
an “opt-in” or “as it happens” recording schema is proposed, following a recording sequence 
that can be pre-assigned by the survey team, and following established recording codes for 
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existing protocols, and using the proposed recording codes for the five modified indicators or 
the two newly proposed indicators. 
 
Figure 4.1 The proposed 18 benthic indicators for Singapore and summarised into four categories. Red 
text = Existing PRIMARY indicators that are recorded using visual benthic survey protocols;  
Underlined red text = Proposed modified PRIMARY indicators that are recorded using existing 
visual benthic survey protocols via “add-on” modules; Underlined green text = Newly proposed 
PRIMARY indicators for Singapore and developed during my dissertation research, and 
recorded using existing visual benthic survey protocols; Blue text = Existing SECONDARY 
indicators that can be recorded as part of a survey or monitoring programme using other 
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Table 4.3 Proposed measurement protocol and recording schemas for the five DESCRIPTIVE primary indicator ‘add-on” modules.  
Benthic Indicator 
Proposed Measurement Protocol using PIT (50cm or 
20cm) 




size class, SC  
For every individual hard coral colony encountered at every 
PIT measurement point, record the estimated size of the 
coral based on their estimate diameter or widest length, 
according to the following size classes: 
SC 1:  < 5cm  
SC 2:  >5cm, <10cm 
SC 3:  > 10cm, < 25cm 
SC 4:  > 25cm, < 50cm 
SC 5:  > 50cm, < 75cm 
SC 6:  > 75cm, < 100cm 
SC 7:  > 100cm 
SC 8:  > 100cm, coral stands with indistinguishable 
individuals, e.g., branching Acropora, submassive Goniopora, 
Galaxea or  Heliopora 
Record the hard coral size class after recording the benthos 
category and/or growthform and taxa, ideally separated by a 
comma, and indicated as SC# or just # 
 
Examples: 
1. Only hard coral category 
- HC, SC3 or HC, 3 
 
2. Including hard coral growthform and taxa categories 
- CF PEC, SC3 or CF PEC, 3 
- CM POR, SC7 or CM POR, 7 
- ACB ACR, SC8 or ACB ACR,8 
The proposed hard coral size class, 
based on the estimated diameter or 
widest length, gives a better indication 
of the actual size of each coral colony. 
 
The size class ranges are proposed to 
represent the general hard coral size 
class distribution observed in Singapore, 
and they can be modified for any survey 






For every individual hard coral colony encountered at every 
PIT measurement point, record the estimated partial 
mortality (recent or old) based on the total proportion of 
colony with no living tissue., according to the following 
partial mortality ranges: 
PM1: <10% partial mortality 
PM2: >10%, <25% partial mortality 
PM3: >25%, <50% partial mortality 
PM4: >50%, <75% partial mortality 
PM5: >75%, <90% partial mortality 
PM2: >90%, <99% partial mortality 
Record the hard coral partial mortality ONLY for colonies with 
distinct dead sections, and after recording the benthos category 
and/or growthform, taxa, and other “opt-in” indicators, and 
ideally separated by a comma, and indicated as PM#. If there is 
no partial colony mortality, this indicator is not recorded and 
the colony is automatically assumed to be 100% intact 
 
Examples: 
1. Only hard coral category 
- HC, SC3, PM3  or HC, 3, PM3 
 
2. Including hard coral growthform and taxa categories 
- CF PEC, SC3 or CF PEC, 3 
The proposed hard coral partial 
mortality, based on the estimated 
proportion of dead tissue on a colony 
diameter, gives an indication of the 
prevalence and intensity of partial 
mortality at a reef. 
 
The partial mortality ranges are 
proposed to represent ranges that are 
easy to estimate in situ, and they can be 
modified for any survey programme 
based on local reef characteristics 
Bleaching 
For every individual hard coral colony encountered at every 
PIT measurement point, record the estimated bleaching 
(recent or old) by estimating the proportion of the colony 
that is bleached, and the colour of the coral based on the 
Coral Watch bleaching colour card, according to the following 
percent bleaching ranges: 
BL1: <10% bleached colony 
BL2: >10%, <25% bleached colony 
BL3: >25%, <50% bleached colony 
BL4: >50%, <75% bleached colony 
BL5: >75%, <90% bleached colony 
BL6: >90%, bleached colony 
Record bleached hard coral ONLY for colonies with bleaching is 
observed, and after recording the benthos category and/or 
growthform, taxa, and other “opt-in” indicators, and ideally 
separated by a comma, and indicated as BL#, and the colony 
colour if the Coral Watch bleaching colour card is available. If 
there is no bleaching, this indicator is not recorded and the 
colony is automatically assumed to be 100% unbleached 
 
Examples: 
1. Only hard coral category 
- HC, SC3, BL4-C3 or HC, 3, BL4-C3 
 
2. Including hard coral growthform and taxa categories 
- CF PEC, SC3, BL6-D6  or CF PEC, 3, BL6-D6  
The proposed hard coral partial 
mortality, based on the estimated 
proportion of dead tissue on a colony 
diameter, gives an indication of the 
prevalence and intensity of partial 
mortality at a reef. 
 
The partial mortality ranges are 
proposed to represent ranges that are 
easy to estimate in situ, and they can be 
modified for any survey programme 
based on local reef characteristics 
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Table 4.3 (continued)  
Benthic Indicator 
Proposed Measurement Protocol using PIT (50cm or 
20cm) 




For every individual hard coral colony encountered with a 
suspected disease at every PIT measurement point, record 
the disease occurrence as DI, and if the type of disease is 
known, then the disease type as well. If available, use the 
GEF’s Coral Disease  underwater guide to identify the disease, 
which can be recorded as a remark at the end of each 
recording string 
Record suspected hard coral disease occurrence ONLY for 
suspected diseased colonies, and after recording the benthos 
category and/or growthform, taxa, and other “opt-in” 
indicators, and ideally separated by a comma, and indicated as 
DI, If there is no disease , this indicator is not recorded and the 
colony is automatically assumed to be 100% disease free 
 
Examples: 
3. Only hard coral category 
- HC, SC3, DI or HC, 3, BL4-DI 
 
4. Including hard coral growthform and taxa categories 
- CF PEC, SC3, DI-BBD or CF PEC, 3, DY-BBD 
The suspected occurrence of hard coral 
disease, based on the GEF coral disease 
guideline, is only recorded as presence 
or absence, and where possible, the 




For every PIT recording interval, record the actual depth of 
the reef by indicated on the dive computer and depth gauge. 
This method of rugosity assessment can only be conducted 
with dive computers or depth gauges with at least 10cm 
accuracy. If a depth measuring device is not available, then 
this indicator cannot be estimated this way and other 
assessment methods, e.g., using hard coral colony sixes as 
proxies 
Record actual depth ONLY is a sensitive depth gauge is 
available, and after recording the benthos category and/or 
growthform, taxa, and other “opt-in” indicators, and ideally 
separated by a comma, and indicated as x.xm,  
 
Examples: 
5. Only hard coral category 
- HC, SC3, 4.2m or HC, 3, 5,2m 
 
6. Including hard coral growthform and taxa categories 
- CF PEC, SC3, 5,3m or CF PEC, 3, 5.3m 
The proposed rugosity assessment can 
be conducted by adding all the delta 





4.2 Hierarchical reordering of the English et el. (1997) LIT survey 
protocol 
A total of 30 reef attributes, referred to as lifeform categories are described in the English et 
al. (1997) LIT survey protocol (Table 4.4). They are often summarised into the several different 
iterations of benthos categories depending on them level of descriptive summary as well as the 
level of data collected, with the five main benthos categories of live hard coral (or just hard 
coral), dead coral, algae, other fauna and abiotic the most commonly used combination (e.g., see 
various summary reports and research papers in the “Proceedings of the Third ASEAN-Australia 
Symposium on Living Coastal Resources”). 
However, one of the recurring problems I noticed when analysing the temporal changes on 
benthos cover for the coral reefs of Singapore was the drastic oscillations in the cover of various 
benthos categories between years at some survey sites. For example, the dataset for the site at 
Pulau Hantu (H1) shows a sudden change in the composition of dead coral, algae and abiotic 
components between the surveys in 1997 and 1998 (Figure 4.2). 
 
Figure 4.2 Changes in benthos cover of the five benthos categories at Pulau Hantu (H1) over six 
monitoring periods between 1988 and 2003, illustrating the unusual change in benthos 




Logic and understanding of coral reef systems will dictate that certain changes in the 
proportion of benthic compositions are not realistic as in the example above; it is not possible 
for dead coral cover to decline from around 35% to 5% without a corresponding increase in 
hard coral or abiotic cover, which are equivalent components of the reef benthos, to account for 
the difference. A corresponding increase in hard coral cover alone would have also been 
unrealistic in this case since there is way that a reef can attain a 30% increase in hard coral 
cover at the same site in less than 1 year. The difference instead, was accounted for by an 
increase in algal cover, which does not actually give any indication about the reef framework. 
Algae, because of their biology, origin and growth characteristics, are not equivalent benthos 
component compared to hard coral, dead coral and even rubble, which all contribute to the reef 
framework. Similar trends were also observed at other sites in Singapore. After scrutinizing the 
data in detail, I deducted that oscillation in the benthos cover was likely due to the surveys 
being conducted at different months in the different survey years. Although Singapore’s tropical 
climate does not manifest in any of the four distinct climatic seasons (spring, summer, autumn 
and winter), there are distinct rainy and dry seasons which are accompanied by seasonal 
Sargassum blooms that tend to dominate the reef environment between the months of 
November to February. And the spike in algal cover recorded in 1998 was an artefact of that 
seasonal change and not a true reflection of a change in the benthos framework. 
Such observations made me realise that the fundamental problem with the recording 
schema of the English et al. (1997) LIT protocol was simply the fact that the 30 reef attributes 
were all lumped into one lifeform category, when they really represent two different 
hierarchical organisations on the reef.  The 30 attributes are actually quite intuitive and do give 
a good representation of various coral reef structural and functional components. However, 
because they are lumped together, their utility to reflect their structural function has been 
largely lost. Without changing any of the 30 attributes, I reorganised them into the two 
hierarchical orders of recording; namely “overlying benthos” and “underlying substrate” to 
represent their hierarchical organisations on the reef (Table 4.4).  
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The overlying benthos is what you would see immediately under the transect tape. This 
would be the same 30 reef attributes as the original protocol, and be recorded similarly. In 
addition to this, the underlying benthos is also recorded for all attributes, but only where 
necessary. The aim of recording the underlying substrate is provide a means to determine the 
true status of the reef frameworks, independent on what is growing over it, since not all 30 reef 
attributes are framework attribute. By doing so, it is now possible to assess benthos cover 
separately from the structural framework composition and will help to explain some of the 
unexplained oscillations in temporal data by separating the overlying benthos from the 
substrate below it.  
For Singapore’s reefs (and likely for most other reefs in the region), the underlying status 
almost always consist one of the following; 1) All hard coral benthos, with the exception of free-
living fungiids; 2) Dead coral – recently dead coral and dead coral with algae ; 3) Rock; 4) 
Rubble; 5) Sand; and 6) Silt. 
For benthos that already constitutes one of the above underlying substrate, no additional 
recording is necessary as the underlying substrate will already be assumed to be that benthos 
by default (unless otherwise assessed, e.g., branching corals on sand). 
So essentially, the recording schema for the reordered LIT protocol only includes one 
additional recording step. This is illustrated in the examples in Figure 4.3, showing a typical 
recording scheme using the original LIT protocol and the new recording scheme using the 




Table 4.4 Lifeform categories and codes for the English et al. (1997) LIT protocol, with the corresponding 
reordered hierarchical order illustrating the reef attributes that only constitute the overlying 
benthos and those that also represent the underlying reef substrate (highlighted in yellow). 
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Figure 4.3 Comparison of recording schemes for the English et al. (1997) LIT protocol and the reordered 
LIT protocol to reflect the hierarchical order of the reef attributes. The recorded benthos is 
indicated between the white arrows in each image. The highlighted attributed for the 
reordered LIT protocol represents the underlying substrate that is only recorded in instances 
where the underlying substrate is structurally different from the overlying benthos. 
There are of course limitations to the amount information that can be collected using in situ 
benthic surveys which are meant to reflect community level responses over time scales that 
may extend from months and years. However, we should where possible, try to maximise the 
utility of benthic surveys by recording attributes that can be used to generate useful and even 
diagnostic indicators. For example, in the above case, the reordered LIT protocol allowed the 
full extent of the reef framework to be recorded, allowing, in the process, to develop a new 
diagnostic indicator called “substrate consolidation”, which is described in the Section 4.4 
below. 
4.3 Overlying sediment accumulation indicator  
The coastal waters of Singapore have been, and continue to be subjected to chronic levels of 
elevated sediments that currently average between 5 and 10 mg/L a year, but varies on a daily 
basis and can register sporadic acute spikes in excess of 30 to 50 mg/L. On the coral reefs, I have 
observed sediment accumulation on various benthos components that have ranged from a light 
“dusting” to thick layers in excess of several millimeters. Depending on the situation, sediments 
can accumulate on all benthos components, most obviously on the non-living abiotic substrate 




In Singapore’s marginal coral reef environment, I have observed several gradients of 
accumulated sediments that reflect the particular characteristics of their immediate 
environment that are largely influenced by three main factors: 
1. Proximity to sediment events;  
2. Local hydrodynamic regimes; and 
3. Seasonal patterns. 
Proximity of reefs to sporadic sediment events, e.g., from dredging or land reclamation 
activities, can result in localised spikes in accumulated sediments. At the same time, local 
hydrodynamic regimes act to either promote sediment accumulation in sheltered environments 
or remove settled sediments in strong current environments, and can play a big role in 
influencing sediment accumulation on reefs during sediment events. Although much of 
Singapore’s sedimented coastal waters are a result of coastal development activities, there is a 
seasonal gradient that results in clearer waters from December to around early April. However, 
the seasonal patterns are sometimes masked by local sediment events. 
I observed that the accumulation of sediments on reef benthos was quite reflective of both 
acute and chronic sediment conditions on a reef, and integrates both hydrodynamic regimes 
with the immediate sediment environment. To date, the only measure of sediment influences on 
coral reefs was to conduct correlation or regression analyses to detect trends. Although a very 
useful measure, it meant that concurrent measurement of sediment accumulation using 
sediment traps are required to conduct the analysis. In addition, there was no way to assess the 
sediment impacts from single surveys based on current survey protocols. 
My aim therefore, was to develop a method for assessing sediment impacts using existing 
benthic survey protocols - namely the English et. al. (1997) LIT protocol but which is also 
transferable to other benthic survey protocols - that will allow both the detection of chronic and 




One of the issues I have had with using the English et. al. (1997) LIT protocol verbatim in 
Singapore is the benthos category dead coral covered with algae, or DCA. Although the category 
adequately represents dead coral benthos on most reefs in the Indo-Pacific region, it is not the 
most appropriate category in marginal sediment influenced environments like the coral reefs in 
Singapore. In most instances, instead of DCA, we have dead coral skeleton covered with 
sediments. However, because the protocol has been used in Singapore (and the region) since the 
mid-1980’s, it was not practical to change the category or add a new category altogether to 
reflect the accumulated sediment characteristics.  
In the interest of maintaining the protocol’s existing status quo but still capturing the 
accumulate sediment characteristic, I developed a method of appending additional recording 
attributes to the existing benthic LIT (or PIT)  survey protocols as “modules” on an “opt-in” or 
“as-it-happens” basis. Essentially, any attribute that has been recommended as a potential 
indicator in the previous section but not currently recorded using existing benthic survey 
protocols can be included either as core modules, i.e., to be recorded as default, or as situational 
modules where the attributes are only recorded as and when they occur. 
To capture the accumulate sediment characteristic, I created a module called the “Overlying 
sediment” module. The overlying sediment can either be sand (S) or silt (SI), and is recorded 
only when a benthos with overlying sand or silt is encountered below the transect tape. The 
recording schema for this module is to record the presence of overlying sand or silt as S or SI, 
after recording the benthos and other core attributes. An example of the recording schema for 
the overlying sediment indicator module is presented in Figure 4.5. 
At the simplest level, the “Overlying sediment” module just indicates presence of overlying 
sand or silt but does not make any distinction on the degree of accumulation. Depending on the 
objectives of a survey or monitoring programme, the degree of accumulation can be reflected by 
referencing against an accumulation category; for e.g., a substrate with a light “dusting” of sand 
or silt can have a suffix of 1 - S1 or SI1, and similarly a suffix of 2 or 3 to reflect moderate or 
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thick sediment accumulation. At this stage, I have only recorded the overlying sediments as a 
presence or absence, but recommend that degree of accumulation also be included to improve 
the indicator’s diagnostic capability. 
The accumulation of silt on the reef benthos surfaces gives a good representation of the 
general sediment regime in the water column; silt, by virtue of their slow settlement 
characteristics and ability to stay in suspension can remain within an area for extended periods, 
but can also travel far from their sources. Sand on the other hand settles rapidly and any 
accumulated sand on the reef benthos surfaces gives a good representation of localised re-
suspension events. In almost all instances, the overlying sediment recorded on Singapore’s coral 
reefs have been silt.  
Six benthic attributes were selected as diagnostic indicators and metrics; the three abiotic 
attributes of dead coral, rubble and sand, and the three biotic attributes of algae, hard corals and 
sponges. The rest of the benthic attributes, although able to reflect overlying sediments, were 
excluded from the analyses as I did not consider them to be key diagnostic indicators compared 
to the selected six attributes. 
Abiotic substrates depend largely on local hydrodynamic conditions to remove settled 
sediments. The accumulation of sediments on the three abiotic components can thus provide 
good indications of the general long-term sediment environment within a reef area with 
sediment recorded on 100% of the abiotic substrate generally reflecting a chronic sediment 
environment. 
On the other hand, in addition to sediment removal facilitated by flow regimes, living biota 
have the ability to actively remove sediments by producing mucus to eliminate the sediments 
(e.g., hard corals), sloughing off their surface epithelia (e.g., algae) or using water movement 
(e.g., sponges). Of the three indicators, hard corals, by virtue of their ability to produce copious 
amounts of sediments, are expected to be generally sediment free unless the amount of settled 
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sediments exceeds their ability to remove them. Algae tend to accumulate sediments more than 
hard corals, and have been observed to die rapidly when completely covered in sediments. 
Sponges are active filter feeders, and can process large volumes of water through their bodies. I 
have observed a distinct near-shore to offshore gradient of sediment accumulation on sponge 
surfaces, indicating their ability to serve as a diagnostic indicator of chronic sediment 
environments. However, I have not conducted any empirical studies to quantify this and it 
would be a suitable research project in future. 
To illustrate the utility of the overlying sediment module, I ran an analysis on a dataset 
where overlying sediment information was recorded along the reef crest at a highly sediment 
nearshore coral reef site in Singapore that was surveyed twice yearly between 2008 and 2011, 
in January and in June to coincide with the northeast monsoon and the inter-monsoon periods 
(Figure 4.4 a-g).  
If hard coral is used as the only indicator to assess the status of the site, the data will 
indicate that the site has a generally low hard coral cover of around 10% with little variation 
over the six monitoring surveys between January 2008 and June 2011 (Figure 4.4d). We will 
also be able to tell that dead coral cover declined over the three years with corresponding 
increases in the rubble cover, indicating a general change in benthos composition (Figure 4.4c 
and e). Other summaries hard coral diversity, and algal and other benthos cover can also be 
generated for the site, but they will largely be descriptive and represent a typical descriptive 
monitoring assessment. 
However, if we consider the overlying sediment indicator, we can tell that at least half of the 
benthos at the reef is covered by silt at any point in time (Figure 4.4a). The fact that the abiotic 
components of dead coral and rubble were completely covered with silt over the four 
monitoring years indicates a chronic sediment environment at the site (Figure 4.4 c and e). In 
addition, the fact that a higher proportion of overlying sediments were recorded on algae, hard 
coral and sponges during the first four monitoring surveys indicates possible short-term acute 
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sediment events during those periods. However, the proportion of total benthos covered with 
silt declined over the four survey years, indicating a general reduction in the sediment supply to 
the site during the latter part of the monitoring.  
Comparing the two assessments, it is clear that the inclusion of the overlying sediment 
indicator provides a more diagnostic assessment of the sediment influences within the reef 
system. The data can be summarised in numerous other iterations, and can be used to validate 
coastal activities or sediment events that may have occurred during the observed peaks in 








(d)  (e)  
(f)  
(g)  
Figure 4.4 The overlying sediment recorded during six monthly monitoring surveys at a highly 
sedimented coral reef site in Singapore. (a) Summary of % of total benthos with overlying silt, 
(b) to (g) Individual summaries of % of key benthos categories with overlying silt. AL= algae; 
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R R, SI R R, SI 
Figure 4.5 Comparison of recording schemes for overlying sediments using the English et al. (1997) LIT 
protocol and the LIT+ overlying sediment module protocol. The recorded benthos is indicated 
between the white arrows in each image. The highlighted attributed for the LIT+ overlying 
sediment protocol represents the underlying substrate (described in Section 4.2 above) and the 
overlying sediment instances it appears on the benthos. 
4.4 Substrate consolidation indicator  
One obvious change observed on Singapore’s coral reefs over the last the decades is the 
changing reef substrate consolidation. Temporal changes in coral reef condition discussed in 
Section 2.4.7 highlighted a change from consolidated to loose and soft substrate, which was 
especially evident along the reef slope (Figure 2.13). Along the reef crest however, substrate 
framework composition varied greatly between years, and as I pointed out in Section 4.2, the 
variation was a result of the recording schema. After reorganising the benthos into the two 
hierarchical recording orders of “overlying benthos” and “underlying substrate”, it became 
possible to estimate the benthic framework composition of the reef by appending the proposed 
substrate consolidation indicator module to the benthic survey protocol. 
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The utility of calculating the benthic framework composition of reefs extends beyond just a 
descriptive understanding of the reef environment; it provides valuable insights into past reef 
histories and allows estimations of future reef development potential, which are useful tools in 
coral reef management.  
Essentially the substrate consolidation indicator works by identifying the three substrate 
consolidation characteristics – consolidated (CO), loose (LO) and soft (SO) - for any one of the 6 
underlying benthos of hard coral (HC), dead coral (DC or DCA), rock (RCK), rubble (R), sand (S) 
or silt (SI), with the six underlying benthos categories defined by a default consolidation status 
(Figure 4.4). So in effect, the consolidation status is automatically assigned to each underlying 
benthos, and thus there is no need to physically record the default status during a survey.  
Table 4.5 Default substrate consolidation status of the six underlying benthos.  
Benthos Category Default Consolidation Status 
All hard corals (HC) benthos, with the exception of free-living mushroom corals Consolidated, CO 
All dead coral (DC or DCA) benthos Consolidated, CO 
Rock (RCK) Consolidated, CO 
Rubble (R)   Loose, LO 
Sand (S) Soft, SO 
Silt (SI) Soft, SO 
 
However, if the default consolidation status is violated, only then is the alternative status is 
recorded during the survey. In Singapore, four main instances have been observed when the 
default consolidation status is violated (Table 4.6). 
Table 4.6 Violation of the default consolidation status and the corresponding alternative consolidation 
status. 
Instances When Default Consolidation Status is Violated Alternative Consolidation Status 
Massive or submassive hard coral colonies that are dislodged from the substrate LO 
Foliose, branching Hard coral colonies that are detached LO 
Dead coral colonies that are dislodged from the substrate LO 
Rubble pieces that have consolidated CO 
 
To illustrate the utility of the substrate consolidation module, I ran an analysis on various 
datasets where substrate consolidation information was recorded. In the first example, the 
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substrate consolidation along the reef crest at 23 randomly selected reefs representing the 
three nearshore to offshore reef zones (Figure 2.14) were analysed in a ternary plot (Figure 
4.6a). The plot gives a good snapshot overview of the general substrate consolidation status of 
the reefs; it is clear that reefs nearest shore (Z1) have a higher proportion of soft benthos 
compared to the reefs further offshore (Z2 and Z3). In addition, the plot also shows that Zone 2 
reefs (Z2) have quite varied proportions of consolidated and loose substrate. A snapshot 
overview like can be useful to investigators or reef managers, for e.g., to identify candidate reefs 
with low consolidation for potential substrate enhancement. In addition, temporal changes in 
the substrate consolidation along the reef crest at two reefs were also assessed.  
CR01 is located relatively nearshore and was surveyed 6 times between 2007 and 2010 
showed a drastic change in substrate consolidation from a largely consolidated reef to one with 
higher loose and soft reef components. Further investigation of adjacent activities at the site 
during the monitoring period indicated that the site was within a direct impact footprint of a 
localised construction activity shortly after the first monitoring survey, which resulted in 
significant damage to the reef substrate.  
CR02 is located offshore and was surveyed 9 times between 2007 and 2010, showed that 
the substrate consolidation of the reef varied between surveys but was generally composed of 
50% consolidated and 50% loose substrate. Further analysis of the data indicated that hard 
coral cover was good at the site, which increased the overall consolidation at the site during 





(b)  (c)  
Figure 4.6 Ternary plot of the three substrate consolidation components of CO-LO-SO recorded at 23 coral 
reef sites within the three zones indicating a near-shore to offshore gradient. Z1 = Zone 1, reefs 
nearest to shore; Z2 = Zone 2, intermediate reefs; Z3 = Zone 3, reef furthest offshore. Values 
indicated in the plots are proportions.  
In the second example, the proportion of unconsolidated hard corals and dead corals along 
the reef crest at two reefs were analysed (Figure 4.7). The data clearly indicates that although 
site CR02 had a higher proportion of dead coral cover than CR01, a much higher proportion of 
the dead coral substrate was loose – either detached or dislodged from the reef framework. At 
the same time, although the hard coral cover was similar at both sites, a larger proportion was 
loose at C02 compared to C01. Such substrate consolidation data can be useful, for e.g., in 
selecting potential receiving sites for transplanting corals from a donor site. CR02 is less 
suitable given the largely unconsolidated nature of her reef benthos, which may prevent the 
successful attachment and subsequent long term survival of coral transplants at the site. 
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(a)  (b)  
(c)  (d)  
Figure 4.7 Proportion of consolidated dead coral and hard coral along the reef crest at two reefs. (a) and 
(c) Proportion of consolidated dead coral and total dead coral cover at sites C01 and C02 
respectively; (b) and (d) Proportion of consolidated hard coral and total hard coral cover at 
sites C01 and C02 respectively. 
4.2 Discussion and conclusions 
A review of published literature related specifically to benthic coral reef survey and 
monitoring efforts in Singapore indicate that to date, the focus has almost exclusively been 
descriptive (e.g., Chou, 1988, 2002; Chou & Tun, 2005; Chua & Chou, 1992; Low & Chou, 1994), 
with the exception of several studies aimed at answering specific research questions related to 
assessing trends in coral reef communities in relation to environment gradients (e.g., Dikou & 
van Woesik, 2006; Lane, 1991; Loh et al., 2006). The English et al. (1997) benthic LIT survey 
protocol, which was used for all the reported surveys, is still widely used today, and is 
sometimes combined with the Reef Check PIT survey protocol.  
Over the last eight years, substantial progress has been made in (unofficially) requiring EIAs 
and EMMPs for major coastal development projects in Singapore, most of which include coral 
reef habitat surveys as part of the monitoring programme using the English et al. (1997) benthic 
LIT survey protocol (pers. comm.). The main indicator used for assessing the coral reef condition 
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continues to be hard coral cover, and although threshold levels of suspended sediment and 
sedimentation rates are usually used to manage the development impacts (Doorn-Groen, 2007), 
there are limited conclusions that can be drawn from comparing changes in hard coral cover to 
the measured suspended sediment concentrations and sedimentation rates. Thus, for 
monitoring programmes that are implemented to assess the impacts of coastal development 
activities, the current descriptive survey protocol is largely lacking in its ability to provide 
diagnostic prognoses of the coral reef benthos condition in responses to the environmental 
stressors. 
After reviewing the current survey and monitoring practices in Singapore, I have come to 
the conclusion that the current benthic survey protocols used are largely inadequate in 
describing Singapore’s coral reef condition and they need to be improved, especially in the types 
of data we collect and the way we benchmark them against water quality criteria thresholds.  
Table 4.2 summarises the 18 primary and secondary stressor-response benthic indicators 
identified for Singapore. Fourteen of the 18 indicators can be measured using the current 
benthic survey protocol, including the two newly developed diagnostic indicators. Currently, 
only five of the 14 indicators are recorded using the English et al. (1997) LIT protocol and the 
recommendation to include an additional eight indicators in the protocol will invariably 
increase the survey time considerably, as well as the associated costs. 
However, since the additional data was deemed necessary to transition from descriptive to 
diagnostic survey and monitoring of Singapore’s coral reefs, I focused on developing solutions 
that addressed the issue to time. I tested several recording schemas for the 14 indicators that 
can be measured the benthic LIT survey protocol and found that it was impractical to record all 
14 indicators, since many of them, for e.g., bleaching, disease and partial mortality,  are 
situational indicators that are not always present on a reef.  
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Instead, I found that by standardizing the recording schema to include the suite six core 
indicators - hard coral cover, growthform, species richness and diversity; algal cover and the 
maximum depth of subtidal coral zone - as default indicators (Figure 4.1), it was possible to 
ensure that all surveys collect the key diagnostic indicators that will provide a good overview of 
the general reef condition which can also reflect the response to changing environmental 
variables. At the same time, situational indicators are not recorded by default and are only 
included in the recording schema when they are encountered during the survey. Similarly, the 
only optional indicator which can be measured during benthic surveys – rugosity – can be 
recorded if a prior decision is made to include it in the recording. This streamlined recording 
schema worked well and was easily taught to experience coral reef surveyors, who only 
required several practice surveys to adapt to the new recording schema.  
I termed this as a “modular benthic coral reef survey protocol”, and it has been tested 
rigorously in Singapore over since the method was optimized in 2008. I will be presenting the 
“modular benthic coral reef survey protocol” in a methods manuscript planned after I complete 
my PhD. 
Although the streamlined recording schema increased the amount of data that needs to be 
collected during the surveys, I estimated that recording the additional attributed increased 
survey time by around 30%. This was estimated by comparing the total dive time I took to 
complete surveys using the old recording schema (between 2006 and 2008, based on my dive 
logs) with the total dive time taken to complete the surveys using the streamlined recording 
schema at the same sites. In total, I resurveyed around 50 sites of varying reef qualities. 
Based on the review of benthic survey protocols (Section 3.2) and the general consensus 
was that that the PIT method was comparable to the LIT method in detecting changes in hard 
coral cover while requiring less underwater time to complete, I considered the feasibility of 
switching from the LIT to the PIT method for all subsequent coral reef surveys in Singapore 
while still recording the same indicators. Such a switch would thus mean that all the additional 
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recommended data (Section 4.1) can be collected without the need to increase the total 
underwater survey time compared to the time required to conduct the existing English et al. 
(1997) LIT surveys.  
My main concern with transitioning between the two methods was the accuracy of PIT 
method compared to the LIT method, as well as the ability to compare data collected by both the 
methods, especially considering the variable recording intervals of the PIT method. To address 
this, I conducted a detailed study comparing the accuracy and precision between the LIT 
method and the PIT method at different recording intervals, and in the process, I developed a 
tool called optimal point interval matrix (OPTM - pronounced as optimum) that enable users to 
select the most appropriate PIT recording interval that will allow accurate comparison of 





5 The Optimal Point Transition Matrix (OPTM) for facilitating 
streamlining of reef survey methodology 
 
“A tree growing out of the ground is as wonderful today as it ever was. It does not need to 
adopt new and startling methods.” 
~ Robert Henri ~ 
5.1 Introduction 
A series of coral surveys conducted by two different survey teams along the same fringing 
reef west of the island of Pulau Hantu in Singapore - one using the English et al. (1997) line 
intercept transect (LIT) protocol and the other the Reef Check point intercept transect (PIT) 
protocol (Hodgson et al., 2006) – generated very different hard coral cover estimates; 
approximately 40% using the LIT and 20% using the Reef Check PIT protocols respectively. The 
survey team conducting the English et al. (1997) LIT protocol were marine biologists from the 
environmental consultancy DHI Water & Environment (S) Pte Ltd, and the survey team 
conducting the Reef Check PIT protocol were trained volunteer divers led by a marine biologist. 
The last survey conducted at the same site in 2003 using the English et al. (1997) line intercept 
transect (LIT) protocol reported a hard coral cover of approximately 40%, so the disparity in 
the 2006 surveys raised doubts on the validity and reliability of the two sets of data, and raised 
questions on the choice of survey protocols, their comparability and the survey teams 
themselves. 
The reliability of survey data to provide accurate and timely information on the condition of 
coral reefs is important in formulating effective management decisions, and with increasing 
regulatory and compliance monitoring being implemented in many countries, the need to 
address the fundamental questions related the survey comparability, accuracy and precision is 
all the more apparent. The English et al. (1997) LIT protocol is often referred to as the “expert” 
method and the Reef Check PIT protocol as a “volunteer” or “novice” method (Harding et al., 
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2000; Hill & Wilkinson, 2004) – a reasoning associated more with the pervasiveness of their 
application rather than the specific mechanics of the methods themselves. Both methods are 
derived variations of the plotless transect method (Loya, 1978); the fundamental difference 
being the resolution of the recorded transitions. The terms methods and protocols are often 
used interchangeably although there are some key differences between them. In the context of 
this study, method explicitly refers to the specific mechanics of conducting the physical survey 
and recording information; while protocol refers to specific guidelines related to the kind of 
information recorded regardless of the methods used. So LIT or PIT refer to methods, which 
English et al. (1997) and Reef Check refer to specific protocols using the LIT and PIT methods 
respectively.  
The LIT method involves recording linear length intervals along a transect tape at every 
instance where the benthos underlying the transect changes. If applied in the strictest sense, 
LITs has a minimum resolution of 1cm, while the PIT method, which involves recording the 
benthos directly below the transect tape at predetermined intervals. This characteristic makes 
the PIT method operationally easier compared to the LIT method which requires observers to 
recognize and make in situ decisions at every point where a benthos change occurs. This 
inherent difference allows the LIT method to sample reefs with benthos of any size class, while 
increasing the potential of the PIT method to under-represent reefs with benthos smaller than 
the assigned measurement interval. In addition, for reefs with largely transitional or 
heterogeneous benthic community distributions (as is the case for Singapore’s reefs), the 
number of recorded intervals can exceed 150 per 20m transect length, making LIT method 
operationally more tedious than the PIT method. 
An ideal survey method therefore, especially from a management perspective, is an 
integration of the two methods –the simplicity of the PIT recording method coupled with the 
increased detail of the English et al. (1997) recording protocol will effectively improve data 
recording efficiency. At the same time, a mechanism that will allow comparison of data collected 
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from the two survey methods without compromising accuracy and precision will allow the 
analyses of the large volumes of coral reef data that exist in many countries collected over a 
spectrum of spatial and temporal surveys and monitoring programmes. 
5.2 Study Objectives 
My primary focus in this study was to determine the optimal point measurement intervals 
for the PIT method that will allow statistically similar estimations of various coral reef 
assessment indicators and metrics compared to the reference LIT method within desired levels 
of accuracy and precision and for different reef quality categories; and from there to develop an 
optimal point transition matrix that will allow users to choose the most optimal transition point 
for PIT surveys to meet their specific survey or monitoring objectives.  
The premise of my study is to complement, rather than change existing monitoring 
practices, and apply the results to facilitate streamlining of methods for benthic surveys and 
monitoring, and to develop situation-specific modular monitoring programmes for managing 
the coral reefs in Singapore, with the potential for wider applications within the Southeast Asia, 
where both the LIT and PIT methods predominate monitoring programmes.  
5.3 Methodology 
5.3.1 Study design 
I focused on the PIT method for this study given its increasing pervasiveness as the 
preferred (although not always adopted) method for benthic surveys at various local and 
regional management application levels. The ability of the PIT method to provide accurate and 
precise estimates of reef indicators at different point intercept intervals was tested against the 
LIT method, chosen as the reference method representing the “true” or most accurate value of 
the selected reef indicators. 
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At the same time, a high degree of robustness was required for the method to have practical 
applications. Past methods comparison studies had the limitation of only assessing one or a few 
reefs with limited reef qualities ranges (Section 3.2), thus limiting the ability to provide the 
degree of confidence required for applying recommendations at the monitoring programme 
level. Achieving a high level of robustness would require a large number of reefs comprising all 
reef categories to be surveyed, without which, only limited conclusions can be drawn and 
limiting the ability to propose methods streamlining. 
Apart from sample size, the study also considered the most suitable attributes needed to 
populate the assessment indicators to be used in the methods comparisons. Again, to ensure 
that the assessment is robust and comprehensive, the selected indicators needed to represent 
the most commonly used measurement units of percentages, ratios and counts. Among the 
many coral reef attributes that can estimated, hard corals was chosen as the test attribute for 
this study as it is the most commonly used in describing reef condition with indicators that span 
the range of the chosen measurement unit types. The assessment however, can be conducted 
with any other attributes (e.g., algae, other invertebrate groups, abiotic components, etc.) with 
similar measurement properties.  
5.3.2 Coral reef benthic LIT surveys 
Singapore has a very small extent of coral reefs; my current study estimated a total coral 
reef area of 13.25km2, of which 11.99km2 is intertidal and the remaining 1.26km2 subtidal coral 
reefs (Chapter 3).  At the same time, there is high variability in reef condition, with reefs 
differing greatly in their spatial and temporal benthic compositions. This characteristic actually 
lends favourably to this study; it allowed me to analyse data from a wide range of reef quality 
within a small geographic area and within a limited timeframe. This was an important 
consideration, as LIT surveys can be logistically very costly, time consuming and requiring a 
high level of relevant expertise (Hill & Wilkinson, 2004). 
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I conducted a total of 166 reef surveys within the southern islands of Singapore (Figure 2.1) 
between 2007 and 2009 using the LIT survey method described in English et al. (1997). The 
data included surveys from 142 unique coral reef sites as well as another 24 datasets that were 
repeat surveys. All surveys were bathymetric, conducted along the reef crest of fringing, and 
patch reefs, with the crest depth categorized as 0m. I surveyed each reef by laying five replicate 
fiberglass transect tapes of 20m along the reef crest following the contours of the reefs to within 
a 1m vertical depth difference, and with a gap of 2m to 5m between each replicate transect. Reef 
benthos was recorded as linear measurements of individual benthos present directly below the 
transect tapes. In addition to the variables recorded for the standard benthos data attributes 
(i.e., taxa, length and occurrence), I also recorded variables for the following additional core 
attributes described in Chapter 4: overlying sediment, underlying framework, size class and 
consolidation of carbonate framework. When reef conditions reflected situational impacts or 
responses, variables of other additional attributes were also recorded (e.g., bleaching, necrosis, 
predation, etc.), but these were excluded in the methods assessments. 
All LIT data were recorded manually on waterproof paper and later transcribed into data-
entry templates created in Microsoft Excel 2007 prior to data analysis. The 166 LIT surveys 
represented approximately 16% of Singapore’s total estimated reef perimeter over a period 
around 30 months from 2007 to 2009, and details of all the recorded attributes are summarized 
in (Table 5.1). 
5.3.3 Reef quality categories & assessment indicators 
Reef condition can be described by a variety of descriptors, with percent hard coral cover 
the most common descriptor used to categorise reefs into “quality classes”. Although there is 
widespread consensus on the limitations of using a mono-metric measure of reef condition 
(Downs et al., 2005; Fisher et al., 2007; Bradley et al., 2009; Jameson et al., 2001; Jameson & 
Kelty, 2004), it is still the most commonly used measure primarily because it is intuitively 
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simple to measure, understand and visualize (Hill & Wilkinson, 2004). I used hard coral cover in 
this study to differentiate the reefs into six discrete categories, ranging from reefs with <10% 
hard coral cover to reefs with > 50% cover, grouped in incremental steps of 10%, were assigned 
to the 166 surveyed reef sites. 
For this study, I assessed six commonly used coral reef indicators, and the details of each are 
described in Table 5.2.  
Table 5.1 Benthic data attributes recorded for the LIT surveys at the 166 surveyed sites. 
Standard LIT categories and 
corresponding attribute  
Category  
code 
Additional attributes Recording 
protocol 
Notes 
Acropora Hard Corals (5) 











Size Class (1 to 7) 
 
Overlying sediments 
(S or SI) 
 
Underlying  
framework (DCA, R, S or SI) 
 
Consolidation (Consolidated, 
Loose or Soft) 
 
SC1 to SC7 
 
S or SI 
 
 
DCA or R or S or SI 
 




SC2: >5cm - <10cm 
SC3: >10cm - <25cm 
SC4: >25cm - <50cm 
SC5: >50cm - <75cm 
SC6: >75cm - <100cm 
SC7: >100cm 
SC8: Homogenous stands 
>100cm 





- Mushroom (Free-living) 
- Submassive 
- Millepora (Fire coral) 











- Recently Dead Coral 






(S or SI) 
 
Consolidation (Consolidated, 
Loose or Soft) 
S or SI 
 
 




- Algal Assemblage 
- Coralline Algae 
- Halemida Algae 
- Macroalgae 








(S or SI) 
 
Underlying  
framework (DCA, R, S or SI) 
 
Consolidation (Consolidated, 
Loose or Soft) 
 
S or SI 
 
 
DCA or R or S or SI 
 
 





Other Fauna (4) 
- Soft Coral 
- Sponge 
- Zoanthids 


























Code Measurement unit 
range 
Description Rationale 
Reef  quality category 
Based on Hard Coral 
Cover 
RC RC1 to RC6 RC1: LHCC  < 10% 
RC2: LHCC > 10% - < 20% 
RC3:: LHCC > 20% - < 30% 
RC4: LHCC > 30% - < 40% 
RC5: LHCC > 40% - < 50% 
RC6: LHCC > 50%  
Categorizing reefs into discrete 
descriptive categories based on specific 
attributes provides intuitive qualitative 
descriptions to, and hard coral cover is 
the most commonly used attribute for 
describing reefs, and is used in this 
assessment as the test attribute.  
Assessment indicators 
Percent hard coral 
cover 
%HCC 0-100% Calculated as the mean % HCC 
per transect from 5 replicate 
transects 
Indicator represents percentage  
measurements 
Hard coral taxa 
(genera) richness 
#Gen 0 to 60 (max) Calculated as the mean number 
of genera per transect 
from 5 replicate transects 
Indicator represents mid-range count 
measurements 
Hard coral taxa 
(genera) diversity 
(Shannon index) 
H’ 0 to 4.09 (max) Calculated as the mean diversity 
of hard corals per transect from 
5 replicate transects 
Indicator represents a unit-less index 
measurements 
Number of hard 
coral growthforms 
#GF 0 to 13 (max) Calculated as the mean number 
of growthforms per transect 
from 5 replicate transects 
Indicator represents low-range count 
measurement 
Number of hard 
coral colonies 
#Col LIT: 0 to 2000 (max) 
PIT10: 0 to 1000 
(max) 
PIT20: 0 to 500 (max) 
PIT25: 0 to 400 (max) 
PIT50: 0 to 80 (max) 
Calculated as the mean total 
number of hard coral colonies 
per transect from 5 replicate 
transects 
Indicator represents low to high-range 
count measurement 
Dominant hard coral 
size class 
DomSC 1 to 8 Calculated as the mean size class 
with the highest total per 
transect from 5 replicate 
transects 
Indicator represents low-range count 
measurement 
5.3.4 Point transition intervals 
The finest resolution that can be achieved by the LIT method is theoretically 1cm and 
yielding a maximum of 2000 data points for a typical 20m transect length. Although not 
impossible, a resolution of 1cm is highly improbable on a coral reef system unless the system 
was made up of small substrate components changing every 1cm which is an unlikely scenario. I 
conducted a preliminary assessment to determine the most suitable point measurement 
intervals for the study by analysing the total number of interval records per transect for over 
four hundred historical LIT datasets collected across a wide range of reef types in Southeast 
Asia. The analysis (unpublished) indicated that for most homogenous reef systems (e.g., those 
with large monotypic stands of staghorn corals or extensive patches of dead coral sand or 
rubble), between 30 to 50 data points per 20m transect length was typical, while the majority of 
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the sites generally yielded between 80 and 150 data points per 20m transect.  At the extremes, a 
few LIT surveys yielded fewer than 30 data points and several others just over 800 data points. 
 Ideally, the selected point intercept intervals should reflect, as much as possible, this 
natural variability in data points over a range of reef systems. Based on my preliminary 
assessment, four PIT intervals were selected for comparison against the LIT method: 10cm 
(PIT10), 20cm (PIT20), 25cm (PIT25) and 50cm (PIT50). By far, the most commonly used point 
interval is 50cm – made popular by the Reef Check method; although other point intervals have 
been used in various studies (Liddell & Ohlhorst, 1987; Segal & Castro, 2001). 
For each 20m transect, the PIT10 interval would yield a total of 200 data points; PIT 20 and 
PIT25 intervals would yield a total 100 and 80 data points and the PIT50 interval would yield a 
total 40 data points. 
5.3.5 PIT data extraction 
Studies comparing coral reef visual survey methods were generally conducted by surveying 
the same selected site or sites using the various methods being assessed, then comparing the 
results between the methods (Section 3.2). Although some spatial and temporal variability 
associated with site conditions or procedural implementation were unavoidable, they were 
largely minimized and managed by either using fixed or permanent transects, conducting the 
different surveys within a short period of time, standardizing observers  and/or generating data 
through computer simulations. 
One underlying assumption for this study is that the benthos composition remains 
unchanged for the LIT and PIT surveys to allow complimentary comparisons between each LIT-
PIT method pair. This would intuitively imply that data collected for both methods at each site 
should be recorded from under the exact transect and ideally by the same person. This however, 
posed a huge logistical challenge in the field. The issue of spatial and temporal site variability 
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was a concern given the highly variable nature of Singapore’s reefs, where even a 1m shift in the 
transect tape (horizontally or vertically) can alter the benthos composition estimates 
significantly (pers. obs.). Movement of the transect tape is also largely unavoidable as the reefs 
in Singapore are located within very busy waterways and are constantly influenced by vessel 
generated surges. 
To circumvent the issue of benthic composition consistency, observer standardization and 
sufficient sample size, I decided to collect all my data using the LIT survey method and extract 
the corresponding PIT data for the four point intervals from the LIT datasets. This approach was 
intuitively feasible since the LIT method theoretically yields finer resolution data of the two 
survey methods, thus allowing the extraction of the lower resolutions PIT data from the LIT 
datasets.  
To automate data extraction for the four PIT method intervals – PIT10, PIT20, PIT25 and 
PIT50 –and minimise human error, I extracted the data from the LIT datasets using a visual 
basic macro script written in Microsoft Excel 2007 (Appendix A.2.3).  The specific characteristic 
for recording the total number of individual colonies in the LIT method, represented as 
“occurrence”, prevented the automated extraction of this variable, which was manually updated 
after each extraction process. In total, 80,500 data points were collected from the 166 LIT 
surveys, with another 346,500 data points extracted from the datasets to populate the PIT10, 




5.3.6 Data analysis 
I conducted the optimal point interval assessment by determining the accuracy and 
precision of the four measurement intervals for the PIT method against the reference LIT 
method.  
The accuracy of an estimate refers to how close a measured value is to the true or accepted 
value (Andrew & Mapstone, 1987; Sokal & Rohlf, 1995; Underwood, 1981). For this study, I 
assessed accuracy as the ability of the PIT methods to estimate the true values of each indicator 
compared to the reference LIT method, and evaluated it using two separate measures. The first 
accuracy measure was assessed using Pearson correlation r (McDonald, 2009) at 5% level of 
significance (α=0.05).  
The second accuracy measure - percent concurrence between method pairs - was developed 
for this study, and I calculated it for all reefs and each reef quality category using pairwise 
comparisons between each method pair and tested their significance using a one-way ANOVA 
followed by post-hoc multiple comparison procedures.   
I tabulated and summed the significant differences recorded for each method-pair analysis 
of LIT-PIT10, LIT-PIT20, LIT-PIT25 and LIT-PIT50 for all six reef quality categories. In total, I 
conducted 5280 multiple comparison analyses. I established three accuracy levels for percent 
concurrence – high, for percent concurrence greater than or equal to 95%, moderate for percent 
concurrence greater than or equal to 90% and minimum, for percent concurrence greater than 
or equal to 80%. All percent concurrence <80% was considered to be below the minimum 
required level for accuracy.  
The precision of an estimate refers to the expected variation in repeated estimates; in other 
words how close together a group of measurements are to each other. In this study, I assessed 
precision using the relative standard error of the mean (RelSE) (Andrew & Mapstone, 1987; 
Cochran, 1963; Sokal & Rohlf, 1995). 
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Since reef quality categories were defined into discrete intervals of 10% hard coral cover, it 
is possible that the precision of a method in assessing a particular indicator may be low, 
especially if the sample means are unevenly spread out within the 10% range of each reef 
quality category. RelSE is the equivalent of a coefficient of variation using standard errors rather 
than standard deviation, and reflects the degree of measurement error when comparing 
different methods. The utility of using RelSE as a measure of precision is that, like the coefficient 
of variation estimate, it is expected to decrease with larger mean estimates compared to 
estimates of the mean and variance alone which are generally expected to covary positively 
(Downing, 1991). Lower variability in the difference of RelSE values would indicate higher 
precision between methods.   For this study, I considered a positive difference to indicate that 
the PIT method had a higher precision than the LIT method, and a negative difference indicating 
the reverse.  In terms of absolute values, a difference of between +5% would indicate high 
precision between the LIT and PIT method intervals, a difference of between +5% and +10% 
would be considered moderate precision of the PIT method, a difference of between +10% to 
+20% low precision, and a difference of >20% or <−20% would indicate a precision below the 
minimum required precision levels.  
Prior to analyses, I tested all datasets for normality on untransformed and square-root 
transformed using the Shapiro-Wilk normality test at a 5% level of significance (α=0.05) 
(Shapiro & Wilk, 1965) and assessed homoscedasticity using the Hartley Fmax test (Hartley, 
1950). Normality was largely conserved for both untransformed and transformed data for all 
data subsets, and I decided to conduct all subsequent analyses using untransformed data only. 
In instances when the data deviated from a normal distribution, I assessed the magnitude of 
deviation and if it was small (<10% from the advised value), I would use the data verbatim since 
multiple comparison procedures generally perform well under small deviations from normality 
(McDonald, 2009).  For normally distributed and homoscedastic data, I used the Tukey-Kramer 
MCP, and when data was normally distributed and heteroscedastic, I used the Games-Howell 
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MCP. When deviation from normality was >10%, I analysed the data was using the Kruskal-
Wallis non-parametric test followed by Dunn’s multiple comparison test for significance.  
I calculated Pearson correlation using the software PRIMER V6.1.13 and all other statistical 
tests (Shapiro-Wilk test for normality, ANOVA and multiple pairwise comparisons) using the 
statistical software JMP version 8.0.2.  I prepared all graphs and charts using PRIMER and 
Microsoft Excel 2007. 
5.4 Results 
5.5 Reef quality categories 
Reef conditions in Singapore vary considerably, but display a generally distinct gradient of 
increasing reef quality in-shore to off-shore.  The reef quality distribution of the 166 surveyed 
sites indicate that majority of reefs in Singapore – over 50% - were in reef quality categories 2 
and 3, and characterized by hard coral cover of between 10% and 30% (Table 5.3). Given the 
inherent spatial variability in reef condition, it was not possible for me to survey the same 
number of reefs for each reef quality category, although that would have been the ideal scenario. 
In all, I managed to obtain a minimum sample size of 15 for RC6 and the maximum was 45 for 
RC2. 
The data indicated that hard coral cover on Singapore’s reef did not follow a normal 
distribution, and failed the Shapiro-Wilk test for normality for all reefs (W=0.968; p=0.0001; 
n=166) and for individual reef categories RC1, RC3 and RC4, with the data showing a general 
negative skewness. The data however, did not display any significant kurtosis (Table 5.3 and 





Table 5.3 Reef category distribution for the 166 surveyed reef sites in Singapore, with the Shapiro-Wilk 
test for normality, W for each reef quality category. 
Reef Category Description Reef category code Number of sites % of total Shapiro-Wilk test, W 
All reefs - 166 - 0.968 (p=0.001*) 
Mean percent hard coral cover < 10% RC1 24 14.41 0.887 (p=0.012*) 
10% < Mean percent hard coral cover < 20% RC2 45 27.11 0.956 (p=0.079) 
20% < Mean percent hard coral cover < 30% RC3 42 25.30 0.922 (p=0.008*) 
30% < Mean percent hard coral cover < 40% RC4 24 14.46 0.89 (p=0.013*) 
45% < Mean percent hard coral cover < 50% RC5 16 9.64 0.947 (p=0.451) 
Mean percent hard coral cover > 50% RC6 15 9.04 0.884 (p=0.054) 




Figure 5.1 Reef quality distribution of the 166 surveyed sites indicated that half of Singapore’s corals reefs 
had between 10-30% hard coral cover. 
5.5.1 Number of transition points  
The number of transition points recorded by the LIT survey method reflects, to a degree, the 
linear benthic compositional complexity of the surveyed reefs, with a larger number of 
transition points corollary reflecting a higher linear benthic compositional complexity (Hewitt 
et al. 2009). Thus, for the PIT method to capture a comparable representation of the linear 
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of transition points recorded for a PIT survey should be similar to or higher than the number of 
transition points recorded for each reference LIT survey. 
For the 166 surveyed reefs, the average number of transition points per 20m transect varied 
with the lower quality reef categories  RC1 to RC3 generally recording lower number of 
transition points than the higher quality reef categories RC4 to RC6 (Figure 5.2). The average 
number of transition points per transect for all the reefs was at 97.10 points (+ 1.5 SE), similar 
to reef categories RC1 to RC4, but significantly lower than reef categories RC5 and RC6. The 
transition points were normally distributed for all reefs (Shapiro-Wilk, W=0.994; p=0.781) as 
well as for all individual reef quality categories (Shapiro-Wilk, W= 0.917 to 0.986; p=0.153 to 
0.994) with the exception of reef category RC1 (Shapiro-Wilk, W=0.916; p=0.047), but only 
marginally so. The data suggests that transition point estimates are stable measures across 
various reef quality categories in Singapore that can potentially serve as an assessment 
indicator.  
There was a significant but weak correlation between the average number of transition 
points and reef category (Pearson r=0.3875; p<0.0001) (Figure 5.3). The analysis also indicated 
that the number of transition points for the PIT10 and PIT50 methods were most dissimilar to 
the reference LIT method, with PIT10 systematically sampling higher and PIT50 systematically 
sampling lower number of transition points for all reef categories. Although the number of 
transition points for the PIT20 and PIT25 methods only differed by 20, my analysis showed that 
of the two methods, PIT20 was more similar to the reference LIT method, with the percent 
concurrence between LIT and PIT20 greater than 90% for all reef categories with the exception 
of RC1 (84%) and RC6 (66.67%) (Table 5.4). 
The results indicated that, on average, the two extreme ends of the reef quality spectrum in 
Singapore, RC1 and RC6, are less and more complex in terms of their benthic composition 
respectively, compared to the reefs of intermediate qualities. 
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In the absence of prior knowledge of a particular reef’s quality, my analysis indicates that a 
20cm transition interval for reef surveys using the PIT method will accurately capture the linear 
benthic compositional complexity of at least 90% of the reefs in Singapore while potentially 
over- or under-representing the complexity of 10%. 
 
Figure 5.2 Box-plots summarizing the distribution of the number of transition points per transect for the 
166 surveyed sites using the LIT method. The upper dark blue and lower light blue sections of 
the box-plots represent the 75th and 25th quartiles respectively, with the line across the middle 
of the box representing the median, and the red circle representing the mean number of 
transition points. The whiskers extending from the box represents the maximum and minimum 
number of transition points for each reef category. The red horizontal lines are overlays of the 
number of transition points for the four PIT methods, and the blue, orange and green 
horizontal lines below the x-axis illustrate reef categories with similar mean number of 
transition points. 
 
Figure 5.3 Plot of Pearson correlation, r, for the number of transition points per transect recorded for the 
166 LIT surveys and the corresponding reef quality category. 
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Table 5.4 Percent concurrence analysis of significance differences (p>0.05) in the number of transition 
points for all pairwise comparisons between the LIT and four PIT intervals for all reef 
categories. Percent concurrence values are computed as the total number of sites that show no 
significant difference or higher number of transition points for each method pair comparison in 
each reef category. Coloured cells represent different significance levels for percent 
concurrence; light blue represents >95% concurrence, light green >90% concurrence, light 
yellow >80% concurrence and light pink <80% concurrence. 
 
All reefs RC1 (n=24) RC2 (n=46) RC3 (n=41) RC4 (n=24) RC5 (n=16) RC6 (n=15) 
Number of transition points 
LIT-PIT10 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
LIT-PIT20 90.96 84.00 97.73 97.72 91.67 99.68 66.67 
LIT-PIT25 62.05 80.00 68.18 78.57 50.00 98.24 20.00 
LIT-PIT50 3.01 12.00 2.27 0.00 0.00 97.60 0.00 
5.5.2 Coral reef metrics 
5.5.2.1 Hard coral cover 
The distribution of hard coral cover between replicates for all surveyed reefs within the six 
reef quality categories was largely normal, with the proportion of normally distributed reefs 
exceeding 90% for all reef quality categories (Figure 5.4a). The results indicate that five 
replicate transects of 20m used in this study was sufficient to represent hard coral cover of reefs 
in Singapore.  
The linear increase of hard coral cover with increasing reef quality is naturally implied since 
the reef quality categories were defined by increasing levels of hard coral cover (Figure 5.4b). 
The hard coral cover recorded by the reference LIT and the four PIT methods did not vary much 
for all reef quality categories. 
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(a)  (b)  
Figure 5.4 Hard coral cover recorded for the 166 surveyed coral reef sites in Singapore. (a) Proportion of 
reefs in each reef quality category with normally distributed hard coral cover; and (b) Percent 
hard coral cover recorded with the reference LIT method and extracted for the four PIT 
methods for the six reef quality categories. 
5.5.2.2 Hard coral genera richness 
Hard coral genera richness, measured as the total number of hard coral genera recorded by 
the LIT survey method at each site, gives an indication of the overall distribution of various hard 
coral genera present within Singapore’s reefs.  
The distribution of hard coral genera richness between replicates for all surveyed reefs was 
also largely normal, with the proportion of reefs with normally distributed hard coral genera 
richness exceeding 90% in all six reef quality categories (Figure 5.5a). The results similarly 
indicate that five replicate transects of 20m used in this study was sufficient to represent hard 
coral genera richness of reefs in Singapore. 
The number hard coral genera recorded increased with increasing reef quality, and started 
to level off at RC5 (Figure 5.5b). However, the total number of hard coral genera recorded in 
Singapore’s reefs to date currently stands at 55, highlighting one of the inherent limitations 
associated with many linear plotless survey methods - the tendency of under-sampling of low 
abundance, small-sized, cryptic or patchily-distributed reef biota (Hill & Wilkinson, 2004). Thus, 
in addition to the LIT surveys, a qualitative assessment of the total number of hard coral genera 
present within each reef was also conducted, with the aim of capturing presence/absence 
information of hard coral genera not captured by the LIT surveys (unpublished). The data 
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showed that for most reefs, the LIT surveys along the reef crest systematically under-sampled 
the total number of hard coral genera at the site, on average, by 20-30%, with the variability 
greater among lower quality reefs (RC1 to RC3). 
(a)  (b)  
Figure 5.5 Hard coral richness (=number of hard coral genera) recorded for the 166 surveyed coral reef 
sites in Singapore. (a) Proportion of reefs in each reef quality category with normally 
distributed hard coral richness; and (b) Number of hard coral genera recorded with the 







5.5.2.3 Hard coral genera diversity, H’ 
Hard coral genera diversity, measured as the Shannon diversity index, H’, takes into account 
the percent cover proportions of each hard coral genera across the replicates, and thus 
incorporates a measure of evenness in the index (Magurran, 2004). Using the current maximum 
number of hard coral genera of 55, it is possible to calculate the maximum possible Shannon 
diversity, termed as Overall Hmax’, which stands at 4.01 for Singapore’s coral reefs. Based on the 
upper range of 30% estimated for under-sampling of hard coral genera, it was possible to 
calculate the theoretical maximum survey diversity for the reefs surveyed using the linear 
plotless methods of LIT and PIT, termed as Survey Hmax’, which was 3.66.  
The distribution of hard coral genera diversity between replicates for all surveyed reefs was 
largely normal,  with the proportion of reefs with normally distributed hard coral genera 
diversity exceeding 90% in all but one reef quality category (RC1) (Figure 5.6a). The results 
indicate that if Shannon’s hard coral diversity indicator is required, five replicate transects of 
20m is not sufficient to represent hard coral diversity of reefs in Singapore and a larger number 
of replicate transects is required. 
The data showed that the hard coral genera diversity, H’, increased with increasing reef 
quality and levelled off at RC3 to reach a maximum of 3.29 for this study, which was 




(a)  (b)  
Figure 5.6 Shannon hard coral diversity, H’, recorded for the 166 surveyed coral reef sites in Singapore. 
(a) Proportion of reefs in each reef quality category with normally distributed hard coral 
richness; and (b) Number of hard coral genera recorded with the reference LIT method and 
extracted for the four PIT methods for the six reef quality categories. 
5.5.2.4 Number of hard coral colonies 
The number of hard coral colonies, used in singularity, does not provide much useful 
information for describing or assessing reef condition. However, when used in conjunction with 
other indicators like percent cover, size class distribution, taxa richness and diversity, it adds to 
the overall quality of information for describing the status and condition of a reef.   
As with hard coral genera diversity, the distribution of number of hard coral colonies 
between replicates for all surveyed reefs was largely normal, with the proportion of reefs with 
normally distributed hard coral colonies similarly exceeding 90% of all but one reef quality 
category (RC1) (Figure 5.7a). The results indicate that if Shannon’s hard coral diversity 
indicator is required, five replicate transects of 20m is not sufficient to represent hard coral 
diversity of reefs in Singapore and a larger number of replicate transects is required. 
The trend of increasing number of hard coral colonies with increasing reef quality was 
similar to the trend in percent hard coral cover (Figure 5.7b); however, although there was an 
absolute increase in the number of colonies recorded, the amplitude of the increase declined 
with increasing reef quality, and this was largely due to the increase occurrences of large size 




(a)  (b)  
Figure 5.7 Total number of hard coral colonies recorded for the 166 surveyed coral reef sites in Singapore. 
(a) Proportion of reefs in each reef quality category with normally distributed number of hard 
coral colonies; and (b) Number of hard coral colonies recorded with the reference LIT method 
and extracted for the four PIT methods for the six reef quality categories 
5.5.2.5 Number of hard coral growthforms  
The distribution of number of hard coral growthforms between replicates for all surveyed 
reefs was more variable than the previous reef indicators with the proportion of reefs with 
normally distributed hard coral growthforms exceeding 90% for only three reef quality 
categories (RC2, RC4 and RC6), with the proportion ranging from 75% to 87.5% for the 
remaining three categories (Figure 5.8a). The results indicate that five replicate transects of 
20m is not sufficient to represent the hard coral growthform distribution on Singapore’s reefs, 
and a larger number of replicate transects will be required. 
The coral reefs in Singapore are poorly represented by Acropora corals, which are absent on 
most inshore reefs and when recorded, have not exceeded a total percent cover of 2% for any 
single reef. For most reefs in Singapore therefore, the total number of hard coral growthforms 
recorded rarely exceeds nine, and this is reflected in the data for the 166 surveyed reefs, where 
the maximum number of hard coral growthforms recorded was nine, and from qualities reefs 




(a)  (b)  
Figure 5.8 Total number of hard coral growthforms recorded for the 166 surveyed coral reef sites in 
Singapore. (a) Proportion of reefs in each reef quality category with normally distributed 
number of hard coral growthforms; and (b) Number of hard coral growthforms recorded with 
the reference LIT method and extracted for the four PIT methods for the six reef quality 
categories 
5.5.2.6 Dominant hard coral size class 
Of the six coral reef indicators assessed, the dominant hard coral size class distribution was 
the most variable between replicate transects within all reef categories. The proportion of reefs 
with normally distributed hard coral growthforms ranged from a low of 50% for RC4 and RC5 
to a maximum of 75% for RC1 (Figure 5.9a). The results indicate that five replicate transects of 
20m is not sufficient to represent the dominant hard coral size class distribution on Singapore’s 
reefs, and a larger number of replicate transects will be required. 
The dominant hard coral size class for each reef quality category was computed as the 
modal size class for each category. Data for the 166 reefs surveyed by the reference LIT method 
indicated that dominant hard coral size class for all reef quality categories was SC3 (10-15cm 
diameter), as was their mean and median hard coral size classes. However, compared to the 
reference LIT method, all four PIT methods repeatedly sampled one size class higher, with 
PIT10, PIT20 and PIT25 methods most similar to each other and the PIT50 method tending 




(a)  (b)  
Figure 5.9 Dominant hard coral size class recorded for the 166 surveyed coral reef sites in Singapore. (a) 
Proportion of reefs in each reef quality category with normally distributed dominant hard coral 
size class; and (b) Dominant hard coral size class recorded with the reference LIT method and 
extracted for the four PIT methods for the six reef quality categories 
5.5.3 Accuracy assessments 
Hard coral cover estimated by the four PIT method intervals were significantly correlated to 
the reference LIT method for all reefs combined (r>0.99, all p<0.0001), and this was conserved 
across all six reef categories (Table 5.5). 
The accuracy of all PIT method intervals in reflecting the true percent hard coral cover was 
high for all method-pairs, with 100% percent concurrence for almost all method-pair/reef 
category combinations (Figure 5.10a; Table 5.5). 
, indicating that the coarsest resolution PIT method assessed in this analysis – PIT50 – is 
able to accurately represent, at 95% or higher, the hard coral cover of all reefs in Singapore 
compared to the LIT method. 
Hard coral genera richness, measured as the total number of hard coral genera recorded at 
each site, was significantly correlated between the reference LIT method and the four PIT 
methods for all reefs combined (r>0.91; all p<0.0001) (Table 5.5), and although the correlation 
remained significant for all method pairs across all reef categories (with the exception of LIT-
PIT50 at RC5), the strength of the correlations decreased with increasing PIT transition points. 
The accuracy of the various PIT methods in reflecting the true hard coral genera richness was 
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consistently high only for the PIT10 method (100% concurrence for all reef categories). The 
accuracy remained high (% concurrence >95%) for the PIT20 method for reef categories RC1 to 
RC3 and RC5, but was minimum (% concurrence >80%) for RC4 and RC6. The accuracy for the 
PIT25 method for reef categories RC4 to RC6 dropped to below the minimum threshold 
accuracy level of 80%, which the accuracy of the PIT50 method was below the minimum 
threshold accuracy level for all reef categories (Figure 5.10b; Table 5.5). 
Hard coral genera diversity, H’, was significantly correlated between the reference LIT 
method and the four PIT method intervals for all reefs combined, although the strength of the 
correlation decreased with increasing PIT transition points (r=0.83 to 0.91; all p<0.0001), with 
a similar pattern across all reef categories with the exception of LIT-PIT25 for reef category 
RC5, where correlation was not significant (Table 5.5). 
The accuracy of the various PIT methods in reflecting the true hard coral genera diversity, 
H’, was consistently high for the PIT10, PIT20 and PIT25 methods (>95% concurrence for all 
reef categories). The accuracy of the PIT50 method was however, below the minimum threshold 
accuracy level for all reef categories (Figure 5.10c; Table 5.5). 
The number of hard coral colonies recorded by the reference LIT method was significantly 
correlated with all four PIT methods for all reefs combined (r>0.96; all p<0.0001) (Table 5.5). 
Correlation was also significant for all reef categories, although the strength of the correlation 
decreased with increasing PIT transition points (r=0.5 to 0.97; p=0.0032 to <0.0001) for some 
reef quality categories.  The accuracy of the various PIT methods in reflecting the true number 
of hard coral colonies was consistently high only for the PIT10 (>95% concurrence for all RC1 to 
RC5; >90% for RC6) but was below the minimum threshold accuracy level (<80% concurrence) 
for all other PIT methods across all reef categories, with the exception of the PIT20 method at 
RC2, which had a low concurrence of 86% (Figure 5.10d; Table 5.5). 
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The number of hard coral growthforms recorded increased with better reef quality, with the 
LIT method consistently recording higher number of growthforms than all the PIT methods, 
which recorded decreasing number of growthforms with increasing point intervals. The number 
of hard coral growthforms recorded by the reference LIT method was significantly correlated 
with all four PIT methods for all reefs pooled data and reef categories (r=1.00 to 0.45; p=0.0000 
to p=0.0262), but the strength of the correlation generally decreased with increasing point 
interval method (Table 5.5). 
  The accuracy of the various PIT methods in reflecting the true number of hard coral 
growthforms was consistently high only for the PIT10, PIT20 and PIT25 methods (>95% 
concurrence for all reef categories) but showed moderate to minimum concurrence for the 
PIT50 method (>90% concurrence for RC4 and RC6; >80% concurrence for RC1 to RC3 and 
RC5) (Figure 5.10e; Table 5.5).  
The dominant hard coral size class recorded by the reference LIT method was significantly 
correlated with all four PIT methods for all reefs combined, although the strength of the 
correlation was generally low (r=0.25 to 0.53; p=0.0013 to p<0.0001). The correlation between 
LIT and all PIT method intervals were however, only significant for reef category RC1, and 
significant for LIT-PIT10 and LIT-PIT20 for RC2 and RC 3 only. All other correlations were not 
significant (Table 5.5).  Although all the PIT methods over-estimated the dominant hard coral 
size class by 1 level, the accuracy of the various PIT methods in reflecting the true number of 
hard coral growthforms (obtained from the reference LIT method) was consistently high only 





(a) Average percent hard coral cover 
 
(b) Hard coral genera richness 
 
  
(c) Hard coral diversity, H’ 
 
(d) Number of  hard coral colonies 
 
  
(e) Number of hard coral growthforms 
 
(f) Hard coral dominant size class 
 
Figure 5.10 Percent concurrence between the reference LIT method and the four PIT method intervals for 
the six indicators. Blue box=high accuracy range; green box=moderate accuracy range; orange 







Table 5.5 Pearson correlation, r, and percent concurrence calculations for the six assessment indicators. 
Significance differences in Pearson correlation, r, are indicated with an * and with the 
corresponding prob>F values indicated below. Percent concurrence values are computed as the 
total number of sites that show no significant difference for pairwise comparisons of each 
method pair and reef category, for all p>0.05. For comparisons that were significantly different, 
the proportion of the total that was higher (H) or lower (L) than the corresponding LIT method 
is indicated below. Coloured cells represent different significance levels for percent 
concurrence; light blue represents >95% concurrence, light green >90% concurrence, light 
yellow >80% concurrence and light pink <80% concurrence. The number of surveyed sites 
(=sample size) for each reef category is indicated as n=x. 
 
















(a) % hard coral cover comparison 
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(b) Hard coral genera richness comparison 
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5.5.4 Precision assessments 
Although the precision of the four PIT methods was high and indistinguishable compared to 
the reference LIT method for recording percent hard coral cover over all six reef quality 
categories, the precision of the LIT method was marginally but consistently higher compared to 
all four PIT methods (Figure 5.11a).  
Similarly, the precision of the four PIT methods was high for recording hard coral genera 
richness at all six reef quality categories; however, the precision of the LIT method was 
consistently higher compared to all four PIT methods especially for the extreme low and high 
reef quality categories, RC1 and RC6 (Figure 5.11b). 
When accessing the Shannon Weiner hard coral diversity, H’, the precision of the four PIT 
methods was high compared to the reference LIT method for reef quality categories RC2 to RC6, 
but was moderate for PIT10 and PIT20 and low for PIT25 and PIT50 methods for reef quality 
category RC1 (Figure 5.11c). 
Precision was also uniformly high for all method pair comparisons for all reef quality 
categories in recording the number of hard coral colonies, with the precision marginally higher 
for all four PIT methods compared to the reference LIT method for all reef quality categories 
except for RC1, where the precision was lower (Figure 5.11d). 
With the exception of reef quality category RC1, the precision was high for all method pair 
comparisons for all reef quality categories in recording the number of hard coral growthforms. 
For RC1, the precision was moderate for PIT10 and PIT20 and low for PIT25 and PIT50 
methods (Figure 5.11e). 
 When accessing the dominant hard coral size class, the precision was high for all method-
pair comparisons, with the precision of the PIT methods varying compared to the reference LIT 




(a) % hard coral cover  (b) Hard coral genera richness 
  
(c) Hard coral genera diversity, H’ 
 
(d) Number of hard coral colonies 
 
  
(e) Number of hard coral growthforms (f) Dominant hard coral size class 
Figure 5.11 Precision of the LIT and PIT method calculated as the difference in the relative standard error 
(%) between the LIT and each PIT method intervals. Blue box=high precision range; green 
box=moderate precision range; orange box=low precision range; red box=below minimum or 
maximum precision range. 
Between the various PIT methods, the precision varied the most for PIT50 especially when 
assessing the coral reef indicators for reef quality category RC1.  
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Between reef quality categories, the precision of the reference LIT and the PIT methods was 
generally lower and varied the most for the extreme high and low reef quality categories RC1 
and RC6.  
5.5.5 Getting to the point – how do the various intervals for the PIT method 
match up to the reference LIT method? 
This study gave some interesting insights into the utility of the PIT method in assessing 
different coral reef indicators.  
By far the most commonly used indicator to describe coral reef condition is hard coral cover, 
and this study has shown that the PIT method is a good proxy to the LIT method in representing 
hard coral cover, even at the coarsest point interval of 50cm, and for all coral reef categories. 
This was a rather unexpected result, as my initial expectation was that the 50cm point interval 
will not be able to accurately sample coral reefs in Singapore, especially given that the 40 data 
points per transect recorded by the PIT50 method was 1.5 to 3 times lower than the LIT 
method. In addition, I thought that the 50cm measurement intervals will under-sample the hard 
coral population, which average around 25cm in mean diameter in Singapore. However, the 
results indicate that the 50cm point transition was able to accurately sample the hard coral 
population, and with high precision.  
If hard coral cover is the only required indicator for describing a reef, then the current Reef 
Check PIT protocol using a 50cm point interval will be sufficient to meet the survey objectives. 
However, if the survey objectives include the measurement of other coral reef indicators, then 
the measurement interval of the PIT method becomes an important consideration. 
The other commonly used coral reef indicators are hard coral taxa richness and hard coral 
taxa diversity, usually measured using the Shannon diversity index, H’, and of the two, only hard 
coral taxa diversity was accurately sampled with the PIT20 and PIT25 methods. However, the 
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accuracy was below the minimum of 80% with the PIT50 method. Precision was also high in 
sampling hard coral taxa diversity by all PIT methods with the exception of reef category RC1. 
Hard coral taxa richness was not as well sampled as taxa diversity, with only the PIT20 method 
was providing at least moderate accuracy for all reef categories, while the accuracy was below 
the minimum of 80% with the PIT25 to PIT50 methods. 
Number of hard coral growthform and dominant hard coral size class are not commonly 
used indicators, but they were both effectively sampled by all PIT methods for all reef 
categories, with the exception of PIT50, where the accuracy was lower for sampling hard coral 
growthforms. 
The six indicators used in this assessment represented very different measurement unit 
ranges (Table 5.2), and the results indicated that the accuracy of a particular PIT measurement 
interval was influenced by the characteristics of the indicator’s measurement range.  
Although hard coral cover covered a measurement unit range of 100%, within the reef 
categories RC1 to RC5, the measurement range was only 10%. Similarly, the measurement 
ranges for hard coral taxa diversity, number of hard coral growthforms and dominant size class 
was below just over 4, 13 and 8 respectively.  The accuracy of the PIT methods was generally 
high in sampling these indicators (with the exception of PIT50 for some of the indicators).  
However, the measurement unit ranges for hard coral taxa richness and the number of hard 
coral colonies were 60 and up to several hundred respectively, and the accuracy of the PIT 
methods was much lower for these two indicators. 
Thus, the results indicate that the nature of the measurement units can have a strong 
influence on the accuracy of a particular PIT measurement interval, with indicators with low 
measurement ranges (in this study, <13) generally sampled accurately by the PIT20 and PIT25 
methods, while indicators with wide measurement ranges (in this study, at least >50), generally 
showing lower sampling accuracy with the PIT25 and PIT50 methods. This particular sensitivity 
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of the PIT measurement interval should be considered when planning survey or monitoring 
programmes utilizing the PIT method to survey coral reefs.  
Going back then to the incident described at the start of the chapter, we can now conclude, 
with a 95% confidence that the disparity in the hard coral cover results obtained from the two 
survey teams was unlikely due to methodological differences. Instead, given the high spatial 
benthic variability of Singapore’s coral reefs, the disparity was likely a consequence of differing 
survey locations.  
5.6 OPTM - the “Optimal Point Transition Matrix” 
I compiled the results from this study into an “Optimal Point Transition Matrix” (OPTM, 
pronounced Optimum), a planning tool to aid users select, a priori, the most optimal point 
transition for benthic coral reef surveys in accessing six commonly used coral reef indicators 
(Figure 5.12). In the context of coral reef surveys, “optimal” would reflect the largest point 
interval that can be selected that will allow comparisons with existing or future survey 
data within accepted accuracy and precision levels. 
Of the six hard coral indicators assessed in my study, five commonly used hard coral 
indicators were chosen − percent cover, hard coral taxa richness, taxa diversity, number of 
growthforms, and dominant size class − to develop OPTM.  However, any additional indicators 
with similar measurement unit ranges, i.e., percentages, ratios or counts, and measurement 
ranges, can be similarly integrated into OPTM after applying some form of data validation 
routines. 
Although I developed OPTM specifically for the coral reefs in Singapore, it is conceivable 
that the matrix can be applied to other reef areas in Southeast Asia exhibiting similar reef 
characteristics. However, users should be aware of the conditions and constraints associated 
with OPTM and should conduct a compatibility assessment prior to using the matrix to evaluate 
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its utility for any given situation. At this point in time, OPTM can be applied to reefs of all quality 
and characterised by hard corals with dominant size class of 3 or higher (>10cm mean 
diameter) and with an average benthos chord length greater than 20cm.  
OPTM can be applied in three principle ways: 
1. As a tool to aid users to transition from existing LIT surveys to PIT surveys by ensuring 
that the chosen PIT measurement interval will provide a desired accuracy and precision; 
2. OPTM can be used to facilitate planning of new survey or monitoring programme using 
the PIT method; and 
3. OPTM can be used to determine if existing data for various reef indicators originating 




Figure 5.12 The Optimum Point Transition Matrix – OPTM – representing the optimal PIT measurement interval for sampling six common reef indicators with 
equivalent accuracy and precision to the LIT method, at three accuracy and precisions levels, and at reefs with different reef qualities. Red boxes represent 
the most likely minimum accuracy-precision requirements for most survey or monitoring programme objectives. %HCC=% hard coral cover; # Gen=hard 
coral genera richness; H’=hard coral Shannon diversity; # Col=number of hard coral colonies; #GF=number of hard coral growthforms; DomSC=dominant 




   
> +5% (High) +5% to +10% (Moderate) +10% to +20% (Minimum) 




RC1 (< 10% HC cover) PIT50 PIT25 LIT LIT PIT20 PIT50 PIT50 PIT25 PIT20 LIT PIT25 PIT50 PIT50 PIT25 PIT20 LIT PIT25 PIT50 
RC2 (>10-20% HC cover) PIT50 PIT25 PIT25 LIT PIT25 PIT50 PIT50 PIT25 PIT25 LIT PIT25 PIT50 PIT50 PIT25 PIT25 LIT PIT25 PIT50 
RC3 (>20-30% HC cover) PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 
RC4 (>30-40% HC cover) PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 
RC5 (>40-50% HC cover) PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 
RC6 (>50% HC cover) PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 
10% 
(Mod) 
RC1 (< 10% HC cover) PIT50 PIT25 LIT PIT25 PIT20 PIT50 PIT50 PIT25 PIT20 PIT25 PIT25 PIT50 PIT50 PIT25 PIT25 PIT25 PIT25 PIT50 
RC2 (>10-20% HC cover) PIT50 PIT25 PIT25 LIT PIT25 PIT50 PIT50 PIT25 PIT25 LIT PIT25 PIT50 PIT50 PIT25 PIT25 LIT PIT25 PIT50 
RC3 (>20-30% HC cover) PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 
RC4 (>30-40% HC cover) PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 
RC5 (>40-50% HC cover) PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 
RC6 (>50% HC cover) PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 PIT50 LIT PIT25 LIT PIT25 PIT50 
20% 
(Min) 
RC1 (< 10% HC cover) PIT50 PIT25 LIT PIT25 PIT20 PIT50 PIT50 PIT25 PIT20 PIT25 PIT25 PIT50 PIT50 PIT25 PIT25 PIT25 PIT25 PIT50 
RC2 (>10-20% HC cover) PIT50 PIT25 PIT25 PIT25 PIT25 PIT50 PIT50 PIT25 PIT25 PIT25 PIT25 PIT50 PIT50 PIT25 PIT25 PIT25 PIT25 PIT50 
RC3 (>20-30% HC cover) PIT50 PIT25 PIT25 LIT PIT25 PIT50 PIT50 PIT25 PIT25 LIT PIT25 PIT50 PIT50 PIT25 PIT25 LIT PIT25 PIT50 
RC4 (>30-40% HC cover) PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 
RC5 (>40-50% HC cover) PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 
RC6 (>50% HC cover) PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 PIT50 PIT20 PIT25 LIT PIT25 PIT50 




5.7 Method streamlining –switching from LIT surveys to PIT surveys 
for on-going and future monitoring programmes in Singapore 
As I discussed at the end of Chapter 4, the recommendation to include 14 indicators in 
existing coral reef benthic surveys in Singapore would invariable increase the dive time 
required to conduct each survey. However, knowing that the currently used LIT survey method 
takes 30-50% longer than a similar PIT survey, I wanted to assess the feasibility of transitioning 
from the LIT to the PIT method so that the time saved with the PIT method can be used to 
record the additional recommended indicators so that in effect, there will be no change in the 
logistics of existing survey while collecting additional data. 
The primary objective of this study was to facilitate this method streamlining, and to do so, I 
had to be certain that the PIT method could sample the reefs as accurately as the LIT method. 
The results strongly support the feasibility of immediately transitioning from the current LIT 
surveys to PIT surveys, without losing data accuracy and reliability. 
Although numerous reef indicators are currently recorded with the LIT protocol, hard coral 
cover, hard coral diversity and hard coral size class are by far the most commonly used 
indicators in Singapore. Hard coral taxa (genera) richness information is also collected, but 
since linear benthic surveys generally under represent the true taxa richness (Hill & Wilkinson, 
2004), the data are often supplemented by a site census survey  to count the total number of 
hard coral taxa (genera) present at the site. Thus, although hard coral taxa richness is recorded 
in the current survey protocol, the data are seldom used. In addition, the total number of hard 
coral colonies indicator is seldom used to describe reef condition in Singapore. 
We can generate a summary table of indicators, their data types and recorded data ranges, 
and then use OPTM to determine the optimal PIT measurement interval to sample all the 
indicators at a desired accuracy of 95% and a precision of 90% (Table 5.6).  
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Depending on the specific objectives of the survey or monitoring programme, the selected 
optimal PIT interval should reflect the finest measurement interval resolution for any 
combination of selected indicators. In the case of Singapore, the 11 highlighted attributes in 
Table 5.6 should be the minimum data that are collected, and since all reef categories are 
present in Singapore, the PIT20 method, which is the finest measurement interval resolution of 
the 11 target attributes, should be the chosen PIT method. 
Table 5.6 The optimal PIT measurement interval for recording the 13 recommended coral reef attributes 
in Singapore. The reef categories RC1 is singled out since the accuracy of PIT method is most 
influenced by this reef category. 
Benthic Indicator Data Type 
Data Range 
(min-max) 
Optimal PIT method 
At least one RC1 No RC1 
Biotic Community 
Community Structure 
Hard coral cover Percent 0-100% PIT50 PIT50 
Hard coral size class  Number 1-8 PIT50 PIT50 
Number of hard coral growthform Number 13 PIT25 PIT50 
Number of hard coral colonies Number 0->200 LIT LIT 
Macroalgae cover Percent 0-100% PIT50 PIT50 
Biodiversity 
Hard coral species richness Number 0-60 PIT25 PIT20 
Hard coral diversity Number 0-4.09 PIT20 PIT25 
Coral Condition 
Partial mortality Percent 0-100% PIT50 PIT50 
Bleaching Percent 0-100% PIT50 PIT50 
Disease Percent 0-100% PIT50 PIT50 
Water Quality 
 Overlying sediment accumulation Percent 0-100% PIT50 PIT50 
Reef Framework 
Physical Framework 
Rugosity Percent 0-100% PIT50 PIT50 
Substrate consolidation Number 0-1 PIT50 PIT50 
5.8 Conclusion 
Coral reef surveys play a pivotal role in the overall coral reef management and conservation 
landscape, and its importance should be reflected in the choice of survey method/s that can 
provide the information necessary to populate the indicators needed to meet the specific 
objectives of a monitoring programme. 
However, limitations are inherent in any survey method, and the onus lies on the user to 
fully understand and appreciate the limitations in order to utilize them optimally. Ideally, 
decisions on method choices require an evaluation of their respective benefits and trade-offs 
154 
 
before a user decides on the method/s that will deliver the greatest benefits while minimizing 
trade-offs. This evaluation process however, may not always be implemented, and it is not 
uncommon for groups involved in monitoring to adopt the easiest, most widely used or most 
cost effective method without investigating if the data derived from the selected method/s can 
provide the kinds of information required to meet the specific objectives for conducting the 
monitoring in the first place. 
OPTM can be a tool that bridges this gap by providing users with an easy method to select 
the most suitable and optimal PIT method to meet their specific objectives. The matrix is still 
new and has only been tested in Singapore – its utility should be further investigated using 




6 Biocriteria Development for Assessing the Health Status of 
Sediment-Impacted Coral Reefs 
 
“Give us the tools, and we’ll finish the job.” 
~ Winston Churchill ~ 
 
6.1 Introduction 
Coral reef surveys are conducted for a variety of reasons and in Singapore, coral reef benthic 
surveys as part of regulatory or compliance type monitoring surveys to assess the impacts of 
coastal development projects have increased since 2004, making them the predominant type of 
reef surveys. 
As discussed in Chapters 3 and 4, current coral survey and monitoring protocols, and the 
accompanying assessment routines used, provide a largely descriptive account of either the 
current condition of the reef via one-off surveys, or describes the trend in coral condition from a 
series of monitoring surveys. The utility of survey data within a regulatory or compliance 
framework is enhanced when used in conjunction with impairment thresholds based on 
anticipated responses of corals to various impact stressors (Jackson & Davis, 1994), and in 
Singapore, two condition matrices were developed by DHI Water and Environment (S) Pte Ltd 
to assess the impacts of suspended sediment and turbidity on coral reefs, based on specially 
developed tolerance limits (Table 6.2), and these have been proposed and applied since 2004 
(Doorn-Groen, 2007; Erftemeijer et al., 2012). Although not explicitly defined as such, the 
application of these matrices together with coral reef biological assessments represents a 
numerical biological criteria, or biocriteria, which is a powerful tool for managing 
anthropogenic impacts on coral reefs. 
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The Unites States Environment Protection Agency (USEPA) defines biocriteria as 
“benchmarks, guidelines or threshold values that describe the expected (or desired) 
biological integrity of a waterbody” (Bradley et al., 2010; Fisher, 2006). Such criteria have 
been successfully applied to terrestrial and freshwater systems in the United States (e.g., in 
Karr, 1991, 2006; Karr & Chu, 1999) but their utility and application in coral reef management 
has only been recently investigated and mainly in the United States and Australia. 
The main difference between a standard descriptive and a biocriteria monitoring 
programme therefore is that a descriptive monitoring programme asks the question “are coral 
reefs improving or declining?”, while a biocriteria monitoring programme asks the question 
“are coral reefs improving or declining beyond acceptable levels?” Within a management 
framework, a biocriteria monitoring programme is more relevant (and powerful); it provides 
resource or project managers with the ability to determine levels of acceptable change by 
employing consistent and defensible methods to document the changes and, if there are 
regulatory mechanisms in place, provides the legal authority to act on the results. In essence, 
based on the current management framework that exist in Singapore, such a biocriteria 
monitoring programme is already being implemented within the larger environmental 
monitoring and management programmes.  
Depending on the specific management objective/s, a coral reef biocriteria monitoring 
programme can be developed that includes water quality or physical criteria used in 
conjunction with relevant biological response endpoints to assess the impacts of coastal 
development activities.  
The USEPA has prepared several guidance documents on coral reef biocriteria development 
(Bradley et al., 2010; USEPA 1998, 2000), and recommends the following general steps: 
1. Planning Select appropriate metrics 
2. Design an effective monitoring program 
157 
 
3. Define biocriteria 
4. Monitor to assure compliance 
5. Respond to impaired waters 
For my research, I focused on the first three components; identifying and recommending a 
suite of indicators and metrics (Chapter 4), proposing benthic survey method streamlining that 
can be incorporated into existing or new survey or monitoring programmes (Chapters 3 and 5), 
and in this chapter, I discuss several coral reef sediment related biocriteria that can be applied 
in Singapore.  
6.2 Indicators & metrics revisited 
The 13 recommended primary indicators and metrics for assessing coral reef condition in 
Singapore include 8 descriptive indicators and 5 descriptive and diagnostic indicators (Error! 
Reference source not found.). Currently, the EMMP framework in Singapore adopts an 
environmental quality objective based on two water quality criteria of suspended sediments 
and sedimentation thresholds for environments with high background concentrations 
developed by DHI Water and Environment (S) Pte Ltd (Doorn-Groen, 2007; Erftemeijer et al., 
2012); using hard coral cover as the sole measured biological endpoint and changes in hard 
coral cover as the assessment metric to qualify and quantify a project’s impact severity (Table 
6.1). However, the use of such a mono-metric endpoint response indicator which is 
benchmarked against a pre-project baseline condition only provides a post-mortem assessment 
of an impact, with no mechanisms to capture sub-lethal impacts like partial mortality, which 
could reflect an overall reduction in coral health without a measured decrease in hard coral 
cover. 
With the recommended benthic survey method streamlining and the inclusion of more 
diagnostic reef indicators and metrics in a survey or monitoring programme, it is possible to 
expand the coral reef biocriteria from the current single hard coral cover metric to include two 
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additional diagnostic indicators of partial mortality and overlying sediments. Table 6.1 
summarises examples of biocriteria applied to the three coral reef metrics to meet specific 
management objectives defined by the target coral reef responses. Ideally, these assessment 
endpoints should be used in conjunction with the appropriate water quality biocriteria 
(described in the following section) to assess responses to sediment events in Singapore. 
Table 6.1 Examples of response endpoints for the recommended coral reef metrics that can be used as 
part of a coral reef biocriteria programme  
Coral Reef Metric Target Response Category  Corresponding Biocriteria 
Change in hard coral cover No impact 
No change in % hard coral cover above the measured baseline 
condition and benchmarked against background changes measured 
at a reference non-or low-impact site 
Change in hard coral partial 
mortality 
No more than minor impact 
No more than 10% increase in partial mortality above the measured 
baseline condition and benchmarked against background changes 
measured at a reference non-or low-impact site 
Change in overlying sediment 
accumulation on algae and 
sponges 
No impact 
No increase in the proportion of algae or sponge with overlying 
sediments above the measured baseline condition 
6.3 Sediment response biocriteria 
Within Singapore’s coral reef management landscape, sediment response biocriteria are 
perhaps the most relevant management tool to assess and manage the impacts of coastal 
development activities. Since 2004, coral reef biocriteria monitoring has been implemented for 
major coastal development EMMPs, based largely on “no impact” scenarios using two coral reef 
impact severity biocriteria matrices for suspended sediments and sedimentation (Table 6.2). 
 The EMMPs are conducted within a framework of daily monitoring of compliance variables 
against pre-determined sediment spill limits (spill budget), control monitoring using real time 
measurements that are compared against response limits, and numerical sediment plume 
hindcast modelling, which are based upon realized production schedules, composition of fill 
material and actual tide conditions. Combined, the water quality and process monitoring to 
ensure that variables do not violate established limits provide a powerful tool to manage 
impacts (Doorn-Groen, 2007). 
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The matrices have been successfully applied in EMMPs for large scale coastal development 
projects in Singapore, and they have been proved to be largely effective in limiting damage to 
the reef environment. However, one major limitation of the current matrix is the lack of 
exposure duration. Sediment events resulting from coastal development activities like dredging 
and rainbowing (used in land reclamation) can occur as acute pulses with longer term chronic 
conditions that are no sufficiently captured in the current matrix setup. 
Table 6.2 Coral reef impact severity biocriteria matrices for suspended sediments and sedimentation in 
environments with high background concentrations (adapted from Doorn-Groen, 2007). 
Magnitude Suspended Sediment Biocriteria Sedimentation Biocriteria 
No Change 
Excess Suspended Sediment Concentration > 5mg/l for less 
than 1% of the time, OR 
Excess Suspended Sediment Concentration < 5mg/l 




Excess Suspended Sediment Concentration > 10mg/l for less 
than 1% of the time, OR  
Excess Suspended Sediment Concentration > 5mg/l for 1 - 
10% of the time 
Sedimentation  < 1.7mm/14day 
(0.025 - 0.05kg/m2/day) 
Minor Negative 
Change 
Excess Suspended Sediment Concentration > 10mg/l for 1 - 
5% of the time, OR 
Excess Suspended Sediment Concentration > 5mg/l for 10 - 
20% of the time 




Excess Suspended Sediment Concentration > 25mg/l for less 
than 5% of the time, OR 
Excess Suspended Sediment Concentration > 10mg/l for 5 - 
20% of the time, OR 
Excess Suspended Sediment Concentration > 5mg/l for more 
than 20% of the time 




Excess Suspended Sediment Concentration > 25mg/l for 
more than 5% of the time, OR 
Excess Suspended Sediment Concentration > 10mg/l for 
more than 20% of the time 
Sedimentation > 7.0mm/14day 
(>0.2kg/m2/day) 
 
A recent review by Erftemeijer et al. (2012) proposed further refinements to existing coral 
response thresholds to suspended sediments and sedimentation based on a comprehensive 
synthesis of published literature on coral-sediment responses, and proposed the turbidity 
(suspended sediments) and sedimentation presented in Table 6.3 and Table 6.4 respectively. 
The responses were benchmarked against hard coral growthforms, with soft corals and many 
massive coral species categorised as relatively sensitive to turbidity while laminar, plating and 
tabular corals as well as some morphologically variable corals categorised as relatively tolerant. 
Although the newly proposed matrices provide greater diagnostic capabilities, they too lack the 
component of exposure duration. 
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Table 6.3 Response matrix ranking the relative sensitivity of corals according to their type of response to 
different levels of turbidity (mg L-1). Severe shading, total shading and <1%SI were categorised 
as >100 mg L-1, NTU values were categorised as follows: 0–2 NTU:<10 mg L-1, 7–9 NTU: 10–20 mg 
L-1, 14–16 NTU: 20–40 mg L-1, 28–30 NTU: 40–100 mg L-1, >40 NTU: >100 mg L-1 (Erftemeijer et al., 
2012). 
Response category 
Turbidity level (mg L-1) tested 
<10 10-20 20-40 40-100 >100 
No effect (most species) Intermediate Tolerant Very tolerant Very tolerant 
Sub-lethal effects (minor) (reduced 
growth/calcification, mucus production etc.) 
Sensitive Sensitive Intermediate Tolerant Very tolerant 
Sub-lethal effects (major) (bleaching, tissue damage) Very sensitive Sensitive Intermediate Tolerant Tolerant 
Lethal effects (partial mortality) Very sensitive Very sensitive Sensitive Intermediate Tolerant 
Major lethal effects (mass mortality) Very sensitive Very sensitive Sensitive Intermediate (most species) 
 
Table 6.4 Response matrix ranking the relative sensitivity of corals according to their type of response to 
different rates of sedimentation (Erftemeijer et al., 2012). 
Response category 
Sedimentation Rate (mg cm-2day-1) tested 
<10 10-50 50-200 >200 
Complete 
Burial 
No effect (most species) Intermediate Tolerant Very tolerant Very tolerant 
Sub-lethal effects (minor) (reduced 
growth/calcification, mucus production etc.) 
Sensitive Intermediate Tolerant Very tolerant Very tolerant 
Sub-lethal effects (major) (bleaching, tissue damage) Sensitive Sensitive Intermediate Tolerant Tolerant 
Lethal effects (partial mortality) Very sensitive Sensitive Intermediate Tolerant Tolerant 
Major lethal effects (mass mortality) Very sensitive Very sensitive Sensitive (most species) (most species) 
 
During the course of my dissertation research, I conducted a similar sediment response 
assessment as Erftemeijer et al. (2012), focusing specifically on available coral reef data for 
Singapore – including benthic coral survey data, published and unpublished data on coral reef 
responses to sediments and sedimentation, photo-physiological characteristics of various coral 
species, and supplemented by the same published works referenced in Erftemeijer et al. (2012), 
to develop a preliminary hard coral suspended sediment concentration-exposure response 
matrix that incorporates exposure duration. The matrix was largely speculative at first, but in 
2011, I worked with a DHI Water and Environment (S) Pte Ltd numerical modeller who develop 
a preliminary coral productivity model based on my existing hard coral photo-physiological 
data supplemented by carbon biomass assessments of 10 representative hard coral species as 
well as benthic coral survey data to verify and validate my response matrix. Details of the model 
development are described in Larsen (2012). The numerical modelling results using actual coral 
photo-physiological response data for Singapore largely supported my hard coral suspended 
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sediment concentration-exposure response matrix, with my initial assessment over 
representing the coral response by one severity category for acute and chronic sediment events 
and under representing the pulse sediment events by one severity category. I adjusted my initial 
response matrix using the preliminary coral productivity model by Larsen (2012) to propose 
the revised matrix, which is presented in Table 6.5. Aside from the additional exposure duration 
component, my proposed matrix is intrinsically similar to Erftemeijer et al. (2012) (Table 6.5), 
and with additional analyses, it may be possible to further enhance the matrix to incorporate 
hard coral taxa or growthform response sensitivities. As it stands now, the matrix should be 
usable within a revised coral reef biocriteria monitoring programme for Singapore; however it 
will benefit first from additional field studies to calibrate and validate the proposed responses.  
Using the same data mining routine, I prepared a similar hard coral sedimentation-exposure 
response matrix; however photo-physiological data for responses of Singapore’s corals to 
sedimentation were not available, and I was unable to work with the numerical modeller to 





Table 6.5 Preliminary sediment concentration-exposure response matrix for coral responses to suspended sediments in Singapore. A=acute sediment event; 
C=chronic sediment event; P=pulsed sediment event; d=days; w=week/s and m=month/s. 
Severe/Catastrophic 
(>50mg/L) 
                                
High (30-50mg/L)                                 
Moderate (20-
30mg/L) 
                                
Low (5-20mg/L)                                 
Below Threshold 
(<5mg/L) 
                                
 




















Acute Suspended Sediment 
Events (A=acute; 1, 5, 10 and 
20=number of days; d=day/s) 
Chronic Suspended 
Sediment Events 
(C=chronic; 1, 3 and 
6=number of months; 
m=month/s) 
Pulsed Suspended Sediments Events (P=pulsed; 1 and 5=number of days/weeks; 
d=day/s; w=week/s) 
  
Minimal to no mortality expected above background mortality responses 
  
Low mortality (<25%) expected above background mortality responses for sediment-sensitive (e.g., Acropora sp., Montipora sp.), unhealthy or 
stressed autotrophs; (e.g., Pectinia sp., free-living fungiids) 
  
Moderate mortality (<50%) expected above background mortality responses for sediment-sensitive (e.g., Acropora sp., Montipora sp), unhealthy 
or stressed corals autotrophs; (e.g., Pectinia sp., free-living fungiids) 
  
High mortality (<50%) expected above background mortality responses for most autotrophs; lower for sediment tolerant autotrophs (e.g., 





Biocriteria, or any enforceable regulations derived from biological assessments and 
supplemented by water quality criteria, require scientifically sound monitoring programs that 
are capable of distinguishing impairment (Bradley et al., 2010) and a well-designed monitoring 
program should include rigorous examination of metric variability, reference conditions, reef 
classifications, sampling strategies and local logistics limitations (Fabricius et al., 2007; Fisher, 
2006).  
I believe Singapore currently has in place an effective (although not legislated) EMMP 
framework for managing coastal development projects to ensure no to minimum impacts to 
existing coastal habitats, including coral reefs. The strong impact quantification and 
management components are the core elements of the EMMP framework, with self-regulation 
and compliance by developing agencies and contractors contributing to the overall successful 
EMMP implementation. 
The use of coral reef biocriteria monitoring in the current EMMP framework is a largely 
undocumented bonus, and has paved the way for investigating further enhancements that can 
further strengthen the biocriteria matrices. My current dissertation research proposes the 
application of a multi-metric biological assessment approach that will provide enhanced 
diagnostic capabilities of biocriteria monitoring programmes. At the same time, my research has 
also addressed one of the current issues related to stressor exposure-duration responses, 
providing for the first time, a mechanism to assess various exposure duration scenarios on hard 
coral responses.  
The area of biocriteria development is still a new science in Singapore (and the world), and 
more focused research is still required for developing better diagnostic tools for assessing the 
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A.1 Abstracts and Published Materials 
A.1.1 Published Chapter 
“Status of coral reefs in Southeast Asia” 
Tun, K., Chou, L. M., Yeemin, T., Phongsuwan, N., Amri, A. Y., Ho, N., Sour, K., et al. 
(2008). Status of coral reefs in Southeast Asia. In C. Wilkinson (Ed.), Status of coral 
reefs of the world: 2008. Townsville, Australia: Global Coral Reef Monitoring Network 
and Reef and Rainforest Research Centre. Pp. 131-144. 
(Attached as a digital copy in the accompanying DVD) 
 
A.1.2 Abstract for manuscript in preparation 
“What’s luck got to do with it? – Charting the evolution of Singapore’s coral 
reefscape over four decades of intensive coastal development” 
Rapid coastal development since the 1960’s has transformed much of Singapore’s coastal 
landscape. Singapore’s current land area of 714km2 represents an increase of 23.5% of the land 
area of 581.5km2 in 1960, a result of foreshore reclamation to extend the land area seawards, 
and offshore reclamation to join neighbouring islands and patch reefs. Consequently, large areas 
of coral reef have been lost to land reclamation, but the true nature, extent and consequences of 
this loss to her biodiversity and ecology have not been assessed. In this study, we map the 
evolution of Singapore’s coastline, estimating at each available time-step various physical, 
biological and environmental attributes at the individual reef level, and conclude that since 
1953, an estimated 61% of the intertidal coral reef area has been lost together with almost 90% 
of the subtidal coral reef areas. Despite the staggering statistics, Singapore’s coral reef still 
support high scleractinian coral diversity; the 255 species currently recorded with more still 
unreported represents over 52% of the species that have ranges encompassing Singapore, all 
 
 
within the remaining 1km2 of subtidal coral reef area. However, current extinction risk 
assessment indicate that up to 33% of the species are at a high to eminent risk of local 
extinction, reflecting the need for species specific conservation strategies to supplement habitat 
level conservation efforts. In addition, we have identified key areas where the physical changes 
in the land profiles have resulted in a net deterioration of various water quality attributes and 
consequently, represent areas that will not support long-term coral survival and coral reef 
development. Conversely, the same physical changes have created new areas of opportunities 
for the settlement of coral larvae and the viable development of new coral reef areas on artificial 
substrate. The fact that Singapore’s coral reefs still supports high biological diversity with the 
potential for long-term sustainability is a consequence of fortuitous circumstances that saw the 
incidental preservation of the historically best coral reefs areas within a restricted military zone 
since the early 1980’s. Luck therefore has a lot to do with maintaining Singapore’s coral reefs 
which may have all been lost if the chain of military islands were similarly developed like the 
many inshore islands.  
 
A.1.3 Published Chapter 
“A regional review on the 2010 coral bleaching event in Southeast Asia” 
Tun, K., Chou, L. M., Low, J., Yeemin, T., Phongsuwan, N., Setiasih, N., Wilson, J., et al. 
(2010). A regional review on the 2010 coral bleaching event in Southeast Asia. Status of 
Coral reefs in East Asian Seas Region: 2010. Pp. 9-27. 







A.1.4 Abstract for manuscript in preparation 
“Response and recovery of coral from the 1998 and 2010 bleaching events: an 
assessment of reefs in a marginal environment” 
Singapore’s coral reefs were affected by the two major wide-scale global mass bleaching 
events of 1998 and 2010, both resulting in almost complete bleaching of all zooxanthellate reef 
fauna. Post-bleaching recovery monitoring indicated varying responses and recovery from both 
events, with a recorded mortality of 25% within one year following the 1998 event but less than 
10% following the 2010 event. Long term SST was not available during the 1998 event, but spot 
measurements indicated a maximum temperature of 34.1degC, almost 2degC higher than the 
maximum recorded in 2010.  
 
A.1.5 Published Manuscript 
“An inventory of zooxanthellate scleractinian corals in Singapore, including 
33 new records” 
Huang, D., Tun, K., Chou, L. M. & Todd, P. A. (2009). An inventory of zooxanthellate 
scleractinian corals in Singapore, including 33 new records. Raffles Bulletin of Zoology, 
(22), 69-80. 





A.2 Supporting Data 
A.2.1 Results of the agglomerative hierarchical clustering (AHC) multivariate analysis 
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SI13 #### 0.607 0.990 0.902 0.785 0.896 0.967 0.920 0.812 1.000 0.988 0.973 0.990 0.432 0.600 0.959 0.988 0.998 0.991 0.974 0.994 0.317 0.845 0.983 0.978 0.702 0.943 0.978 0.955 0.996 0.999 0.998 0.986 0.981 0.977 0.872 0.993 0.993 1.000 0.965 1.000 1.000 0.988 1.000 0.816 0.995 0.804 0.973 0.997 0.938 0.997 0.627 0.997 0.998 0.959 1.000 0.987 0.999 0.997 0.986 0.998 0.968 0.841 0.960 0.987 0.972 0.884 0.550 0.996 0.846 0.730 0.955 0.767 0.972 0.807 0.974 0.989 0.698 0.768 0.929 0.998 0.999 0.992 0.972 0.969 0.996 0.938 0.820 0.982 0.869 0.786 0.910 0.898 0.844 0.532 0.645 0.807 0.979 0.774 0.986 0.827 0.667 0.767 0.501 0.869 0.431 0.656 -0.189 0.030 0.163 0.130 0.199 -0.076 0.974 0.989 0.522 0.916 1.000 0.899 0.959 0.797 0.457 0.996 0.999 0.783 1 0.404 0.894 -0.177 0.840 0.999 1.000 0.910 0.653 0.700 0.978 0.588 0.980 1.000 0.816 0.981 1.000
SI14 0.914 0.972 0.528 0.759 0.884 0.768 0.623 0.730 0.861 0.410 0.542 0.605 0.529 0.999 0.974 0.647 0.256 0.461 0.275 0.600 0.497 0.996 0.831 0.563 0.587 0.935 0.684 0.586 0.656 0.480 0.441 0.339 0.244 0.219 0.199 0.799 0.508 0.293 0.383 0.630 0.421 0.388 0.260 0.395 0.858 0.312 0.868 0.605 0.468 0.695 0.335 0.966 0.330 0.465 0.647 0.412 0.544 0.357 0.329 0.553 0.343 0.620 0.834 0.643 0.544 0.607 0.785 0.986 0.315 0.829 0.920 0.657 0.897 0.608 0.866 0.601 0.264 0.937 0.896 0.714 0.459 0.446 0.514 0.609 0.618 0.487 0.695 0.855 0.570 0.803 0.882 0.746 0.766 0.831 0.989 0.960 0.866 0.581 0.892 0.550 0.848 0.951 0.896 0.994 0.803 1.000 0.955 0.822 0.927 0.969 0.960 0.977 0.882 0.599 0.537 0.991 0.737 0.414 0.763 0.647 0.874 0.998 0.317 0.354 0.885 0.404 1 0.771 0.829 0.836 0.371 0.416 0.747 0.956 0.936 0.587 0.977 0.579 0.402 0.858 0.571 0.375
SI15 0.445 0.899 0.948 1.000 0.979 1.000 0.978 0.998 0.988 0.897 0.953 0.973 0.948 0.791 0.895 0.984 0.813 0.921 0.825 0.972 0.936 0.708 0.995 0.960 0.968 0.947 0.992 0.968 0.987 0.929 0.912 0.860 0.806 0.790 0.778 0.999 0.940 0.835 0.884 0.980 0.902 0.886 0.815 0.889 0.988 0.846 0.985 0.973 0.924 0.994 0.858 0.909 0.856 0.922 0.984 0.898 0.954 0.870 0.855 0.957 0.862 0.978 0.994 0.984 0.954 0.974 1.000 0.866 0.848 0.995 0.959 0.987 0.973 0.974 0.986 0.972 0.818 0.945 0.973 0.996 0.920 0.914 0.942 0.975 0.977 0.932 0.994 0.990 0.963 0.999 0.980 0.999 1.000 0.995 0.855 0.919 0.986 0.966 0.976 0.956 0.991 0.930 0.973 0.836 0.999 0.790 0.925 0.271 0.475 0.588 0.560 0.617 0.379 0.972 0.951 0.849 0.999 0.899 1.000 0.985 0.983 0.807 0.848 0.868 0.979 0.894 0.771 1 0.283 0.994 0.878 0.900 0.999 0.924 0.946 0.968 0.888 0.966 0.893 0.989 0.963 0.879
SI16 0.985 0.675 ### 0.266 0.471 0.279 0.079 0.223 0.430 -0.170 -0.021 0.056 -0.036 0.811 0.682 0.110 -0.328 -0.114 -0.309 0.050 -0.073 0.878 0.377 0.005 0.034 0.576 0.160 0.033 0.122 -0.092 -0.136 -0.245 -0.340 -0.364 -0.383 0.327 -0.060 -0.292 -0.199 0.088 -0.158 -0.193 -0.324 -0.186 0.425 -0.273 0.442 0.056 -0.106 0.175 -0.249 0.656 -0.254 -0.109 0.110 -0.168 -0.018 -0.227 -0.255 -0.008 -0.241 0.075 0.383 0.105 -0.018 0.059 0.304 0.725 -0.269 0.374 0.544 0.123 0.496 0.060 0.439 0.052 -0.320 0.581 0.495 0.201 -0.116 -0.131 -0.054 0.061 0.073 -0.085 0.174 0.418 0.013 0.333 0.469 0.246 0.275 0.378 0.739 0.638 0.439 0.027 0.487 -0.011 0.407 0.615 0.495 0.763 0.333 0.812 0.627 1.000 0.979 0.942 0.953 0.929 0.995 0.049 -0.026 0.747 0.234 -0.166 0.271 0.111 0.453 0.794 -0.268 -0.230 0.473 -0.177 0.829 0.283 1 0.386 -0.211 -0.163 0.248 0.629 0.579 0.034 0.692 0.024 -0.178 0.424 0.015 -0.208
SK01 0.540 0.941 0.908 0.992 0.996 0.994 0.950 0.985 0.999 0.843 0.914 0.943 0.908 0.853 0.938 0.959 0.745 0.873 0.758 0.941 0.892 0.781 1.000 0.924 0.935 0.976 0.972 0.935 0.963 0.883 0.862 0.800 0.736 0.719 0.704 0.998 0.898 0.770 0.827 0.953 0.850 0.830 0.747 0.834 0.999 0.782 0.998 0.943 0.876 0.976 0.797 0.949 0.794 0.875 0.959 0.845 0.916 0.811 0.794 0.919 0.802 0.949 1.000 0.958 0.915 0.944 0.996 0.915 0.785 1.000 0.984 0.963 0.992 0.944 0.998 0.941 0.750 0.975 0.993 0.981 0.871 0.864 0.900 0.944 0.948 0.886 0.976 0.999 0.927 0.998 0.996 0.989 0.993 1.000 0.907 0.957 0.998 0.933 0.994 0.918 1.000 0.965 0.993 0.891 0.998 0.852 0.961 0.374 0.568 0.673 0.648 0.699 0.478 0.940 0.912 0.902 0.987 0.846 0.993 0.959 0.997 0.867 0.785 0.809 0.995 0.840 0.836 0.994 0.386 1 0.820 0.847 0.989 0.960 0.976 0.935 0.933 0.931 0.839 0.999 0.928 0.822
SK02 #### 0.579 0.985 0.886 0.763 0.880 0.958 0.906 0.792 0.999 0.982 0.964 0.984 0.401 0.571 0.948 0.993 0.995 0.995 0.966 0.990 0.283 0.825 0.976 0.970 0.677 0.931 0.970 0.944 0.993 0.997 0.999 0.991 0.987 0.984 0.855 0.988 0.997 1.000 0.955 0.999 1.000 0.993 1.000 0.795 0.998 0.783 0.964 0.994 0.926 0.999 0.599 0.999 0.995 0.948 0.999 0.981 1.000 0.999 0.979 1.000 0.959 0.822 0.950 0.981 0.963 0.867 0.520 0.998 0.827 0.706 0.944 0.744 0.963 0.786 0.965 0.994 0.673 0.745 0.915 0.995 0.997 0.987 0.963 0.960 0.992 0.926 0.800 0.975 0.851 0.765 0.895 0.882 0.825 0.502 0.618 0.786 0.971 0.751 0.980 0.807 0.641 0.745 0.471 0.851 0.400 0.629 -0.223 -0.005 0.129 0.095 0.165 -0.111 0.966 0.983 0.492 0.901 0.999 0.884 0.948 0.776 0.426 0.998 1.000 0.761 0.999 0.371 0.878 -0.211 0.820 1 0.999 0.895 0.627 0.674 0.970 0.559 0.972 0.999 0.796 0.974 1.000
SK03 0.010 0.617 0.992 0.908 0.793 0.902 0.971 0.925 0.820 1.000 0.990 0.976 0.992 0.445 0.610 0.963 0.986 0.999 0.989 0.977 0.996 0.330 0.852 0.986 0.980 0.712 0.948 0.981 0.959 0.997 1.000 0.997 0.983 0.978 0.974 0.879 0.995 0.991 0.999 0.968 1.000 1.000 0.986 1.000 0.824 0.994 0.812 0.976 0.998 0.943 0.996 0.637 0.996 0.999 0.963 1.000 0.989 0.998 0.996 0.988 0.997 0.971 0.849 0.964 0.989 0.975 0.890 0.561 0.994 0.854 0.739 0.959 0.776 0.975 0.815 0.977 0.987 0.708 0.776 0.934 0.999 0.999 0.994 0.975 0.972 0.997 0.943 0.828 0.984 0.876 0.795 0.916 0.904 0.852 0.544 0.655 0.815 0.982 0.782 0.988 0.835 0.677 0.776 0.513 0.876 0.444 0.666 -0.176 0.043 0.177 0.143 0.212 -0.062 0.977 0.991 0.534 0.921 1.000 0.905 0.962 0.806 0.469 0.994 0.998 0.792 1.000 0.416 0.900 -0.163 0.847 0.999 1 0.915 0.664 0.709 0.981 0.599 0.982 1.000 0.824 0.984 0.999
SK04 0.412 0.882 0.959 1.000 0.971 0.999 0.985 1.000 0.981 0.913 0.963 0.981 0.959 0.768 0.878 0.990 0.834 0.934 0.845 0.980 0.948 0.682 0.991 0.970 0.977 0.934 0.996 0.977 0.992 0.942 0.926 0.879 0.827 0.812 0.800 0.997 0.952 0.855 0.900 0.987 0.918 0.903 0.836 0.906 0.982 0.865 0.978 0.981 0.937 0.997 0.877 0.894 0.874 0.936 0.990 0.914 0.964 0.888 0.874 0.967 0.881 0.985 0.990 0.990 0.964 0.982 0.998 0.847 0.867 0.991 0.948 0.992 0.964 0.982 0.979 0.980 0.839 0.932 0.964 0.999 0.934 0.928 0.954 0.982 0.984 0.944 0.997 0.984 0.972 0.996 0.972 1.000 1.000 0.991 0.835 0.904 0.979 0.975 0.967 0.966 0.986 0.916 0.964 0.815 0.996 0.767 0.910 0.235 0.442 0.558 0.529 0.588 0.345 0.980 0.962 0.829 1.000 0.914 1.000 0.990 0.976 0.785 0.867 0.886 0.971 0.910 0.747 0.999 0.248 0.989 0.895 0.915 1 0.909 0.933 0.977 0.870 0.975 0.909 0.982 0.972 0.896
SK05 0.755 0.998 0.753 0.916 0.982 0.922 0.824 0.898 0.972 0.659 0.764 0.811 0.754 0.965 0.998 0.841 0.528 0.701 0.544 0.808 0.729 0.925 0.957 0.780 0.798 0.998 0.868 0.797 0.848 0.716 0.685 0.599 0.517 0.495 0.477 0.940 0.738 0.560 0.637 0.830 0.668 0.641 0.531 0.646 0.971 0.576 0.975 0.811 0.706 0.875 0.596 0.999 0.592 0.704 0.841 0.660 0.766 0.614 0.591 0.772 0.602 0.822 0.959 0.839 0.766 0.813 0.932 0.992 0.579 0.956 0.994 0.849 0.987 0.813 0.974 0.809 0.535 0.998 0.987 0.888 0.699 0.688 0.742 0.814 0.821 0.721 0.875 0.969 0.785 0.942 0.981 0.908 0.920 0.957 0.989 1.000 0.975 0.794 0.985 0.770 0.966 1.000 0.987 0.982 0.942 0.965 1.000 0.619 0.776 0.853 0.835 0.872 0.705 0.807 0.760 0.987 0.903 0.662 0.919 0.842 0.978 0.972 0.580 0.612 0.982 0.653 0.956 0.924 0.629 0.960 0.627 0.664 0.909 1 0.998 0.798 0.996 0.792 0.652 0.971 0.786 0.629
SK06 0.712 0.992 0.793 0.940 0.992 0.944 0.858 0.924 0.985 0.704 0.803 0.846 0.794 0.947 0.991 0.874 0.580 0.744 0.596 0.843 0.771 0.899 0.973 0.818 0.834 1.000 0.897 0.834 0.880 0.758 0.729 0.648 0.569 0.548 0.531 0.960 0.779 0.611 0.684 0.863 0.713 0.688 0.583 0.693 0.984 0.626 0.987 0.846 0.749 0.904 0.645 0.995 0.641 0.747 0.874 0.706 0.805 0.663 0.640 0.811 0.651 0.856 0.975 0.872 0.805 0.848 0.953 0.981 0.629 0.973 0.999 0.880 0.995 0.848 0.987 0.844 0.587 1.000 0.995 0.915 0.742 0.732 0.783 0.849 0.855 0.763 0.903 0.983 0.822 0.961 0.992 0.933 0.943 0.974 0.977 0.997 0.987 0.830 0.994 0.809 0.980 0.999 0.995 0.969 0.961 0.946 0.998 0.569 0.735 0.819 0.799 0.839 0.659 0.842 0.800 0.975 0.928 0.708 0.942 0.874 0.989 0.955 0.630 0.660 0.992 0.700 0.936 0.946 0.579 0.976 0.674 0.709 0.933 0.998 1 0.834 0.989 0.829 0.699 0.984 0.824 0.677
SK07 0.206 0.760 0.998 0.972 0.898 0.969 0.999 0.982 0.917 0.979 0.999 1.000 0.998 0.612 0.754 0.997 0.933 0.989 0.940 1.000 0.994 0.509 0.938 1.000 1.000 0.836 0.992 1.000 0.996 0.992 0.986 0.961 0.928 0.919 0.910 0.956 0.996 0.946 0.973 0.999 0.982 0.974 0.934 0.976 0.919 0.952 0.911 1.000 0.990 0.990 0.959 0.776 0.958 0.990 0.997 0.980 0.999 0.966 0.958 0.999 0.962 0.999 0.936 0.997 0.999 1.000 0.962 0.713 0.954 0.939 0.857 0.996 0.884 1.000 0.913 1.000 0.936 0.833 0.885 0.986 0.989 0.986 0.996 1.000 0.999 0.993 0.990 0.922 1.000 0.954 0.899 0.977 0.970 0.938 0.698 0.791 0.913 1.000 0.889 0.999 0.927 0.809 0.885 0.671 0.954 0.611 0.799 0.021 0.239 0.367 0.335 0.400 0.135 1.000 0.998 0.689 0.980 0.980 0.971 0.997 0.906 0.634 0.954 0.965 0.896 0.978 0.587 0.968 0.034 0.935 0.970 0.981 0.977 0.798 0.834 1 0.744 1.000 0.977 0.919 1.000 0.971
SK08 0.807 1.000 0.695 0.879 0.963 0.886 0.774 0.858 0.949 0.593 0.707 0.759 0.696 0.984 1.000 0.793 0.455 0.638 0.472 0.755 0.669 0.954 0.929 0.725 0.745 0.989 0.823 0.744 0.801 0.654 0.621 0.530 0.443 0.420 0.401 0.908 0.678 0.488 0.569 0.780 0.603 0.574 0.458 0.580 0.947 0.505 0.953 0.759 0.644 0.831 0.526 0.999 0.522 0.641 0.793 0.595 0.709 0.546 0.521 0.716 0.533 0.771 0.932 0.790 0.709 0.761 0.898 0.999 0.509 0.928 0.982 0.801 0.970 0.762 0.952 0.756 0.462 0.990 0.970 0.846 0.636 0.625 0.683 0.763 0.770 0.660 0.831 0.945 0.730 0.911 0.962 0.870 0.884 0.930 0.998 0.997 0.952 0.740 0.967 0.714 0.941 0.995 0.970 0.995 0.911 0.983 0.996 0.683 0.826 0.894 0.878 0.910 0.762 0.754 0.703 0.997 0.863 0.597 0.882 0.794 0.957 0.988 0.510 0.543 0.963 0.588 0.977 0.888 0.692 0.933 0.559 0.599 0.870 0.996 0.989 0.744 1 0.738 0.586 0.947 0.732 0.562
SK09 0.197 0.754 0.998 0.970 0.893 0.967 0.998 0.980 0.913 0.981 0.999 0.999 0.998 0.605 0.748 0.996 0.937 0.990 0.943 1.000 0.995 0.501 0.935 1.000 1.000 0.831 0.991 1.000 0.995 0.993 0.987 0.963 0.932 0.922 0.914 0.953 0.996 0.949 0.975 0.998 0.983 0.976 0.938 0.978 0.915 0.955 0.907 0.999 0.992 0.989 0.962 0.770 0.961 0.991 0.996 0.981 0.999 0.968 0.961 0.999 0.964 0.999 0.933 0.997 0.999 0.999 0.960 0.706 0.956 0.936 0.852 0.995 0.880 0.999 0.909 1.000 0.939 0.828 0.881 0.984 0.990 0.988 0.997 0.999 0.999 0.994 0.989 0.918 1.000 0.951 0.894 0.975 0.968 0.935 0.691 0.785 0.909 1.000 0.885 0.999 0.923 0.803 0.880 0.664 0.951 0.603 0.794 0.011 0.230 0.358 0.326 0.391 0.125 1.000 0.999 0.683 0.978 0.982 0.969 0.996 0.902 0.626 0.957 0.967 0.892 0.980 0.579 0.966 0.024 0.931 0.972 0.982 0.975 0.792 0.829 1.000 0.738 1 0.979 0.916 1.000 0.973
SK10 #### 0.605 0.990 0.901 0.784 0.895 0.967 0.919 0.812 1.000 0.987 0.972 0.990 0.431 0.598 0.958 0.988 0.998 0.991 0.974 0.994 0.315 0.844 0.983 0.977 0.701 0.943 0.978 0.955 0.996 0.999 0.998 0.986 0.981 0.977 0.872 0.993 0.993 1.000 0.964 1.000 1.000 0.989 1.000 0.815 0.995 0.803 0.972 0.997 0.938 0.997 0.625 0.997 0.998 0.958 1.000 0.987 0.999 0.997 0.985 0.998 0.968 0.840 0.960 0.987 0.972 0.883 0.549 0.996 0.846 0.729 0.954 0.766 0.971 0.806 0.973 0.989 0.697 0.767 0.928 0.998 0.999 0.992 0.971 0.968 0.996 0.938 0.819 0.982 0.868 0.786 0.910 0.897 0.844 0.531 0.643 0.806 0.979 0.773 0.986 0.826 0.666 0.766 0.500 0.868 0.430 0.654 -0.191 0.028 0.162 0.128 0.197 -0.078 0.974 0.988 0.521 0.915 1.000 0.899 0.958 0.796 0.456 0.996 0.999 0.782 1.000 0.402 0.893 -0.178 0.839 0.999 1.000 0.909 0.652 0.699 0.977 0.586 0.979 1 0.816 0.981 1.000
SK11 0.575 0.954 0.889 0.986 0.999 0.988 0.936 0.977 1.000 0.820 0.897 0.928 0.890 0.874 0.952 0.947 0.717 0.852 0.730 0.926 0.872 0.806 0.999 0.908 0.920 0.984 0.962 0.919 0.951 0.863 0.840 0.774 0.708 0.689 0.674 0.995 0.879 0.743 0.803 0.940 0.827 0.807 0.719 0.811 1.000 0.756 1.000 0.928 0.856 0.966 0.771 0.962 0.769 0.854 0.947 0.822 0.898 0.786 0.768 0.902 0.777 0.935 0.999 0.945 0.898 0.929 0.992 0.931 0.758 0.999 0.991 0.951 0.997 0.930 1.000 0.926 0.722 0.983 0.997 0.972 0.850 0.843 0.882 0.930 0.934 0.866 0.966 1.000 0.911 0.995 0.999 0.982 0.987 0.999 0.923 0.968 1.000 0.917 0.998 0.901 1.000 0.975 0.997 0.909 0.995 0.873 0.971 0.412 0.601 0.703 0.678 0.728 0.514 0.925 0.894 0.919 0.980 0.823 0.987 0.947 0.999 0.887 0.759 0.784 0.998 0.816 0.858 0.989 0.424 0.999 0.796 0.824 0.982 0.971 0.984 0.919 0.947 0.916 0.816 1 0.912 0.798
SK12 0.188 0.748 0.999 0.968 0.889 0.964 0.998 0.978 0.909 0.983 0.999 0.999 0.999 0.597 0.742 0.996 0.940 0.992 0.946 0.999 0.996 0.492 0.932 1.000 1.000 0.826 0.989 1.000 0.994 0.994 0.989 0.966 0.935 0.926 0.918 0.950 0.997 0.952 0.977 0.997 0.985 0.978 0.941 0.980 0.911 0.958 0.903 0.999 0.993 0.987 0.965 0.764 0.963 0.992 0.995 0.983 0.999 0.971 0.963 1.000 0.967 0.998 0.929 0.996 0.999 0.999 0.957 0.700 0.959 0.933 0.847 0.994 0.876 0.999 0.905 0.999 0.943 0.822 0.876 0.982 0.991 0.989 0.998 0.999 0.998 0.995 0.987 0.914 1.000 0.948 0.890 0.973 0.965 0.931 0.684 0.779 0.905 1.000 0.881 1.000 0.920 0.798 0.876 0.657 0.948 0.596 0.788 0.002 0.221 0.349 0.317 0.383 0.116 0.999 0.999 0.676 0.976 0.984 0.966 0.995 0.898 0.619 0.959 0.970 0.888 0.981 0.571 0.963 0.015 0.928 0.974 0.984 0.972 0.786 0.824 1.000 0.732 1.000 0.981 0.912 1 0.975
SK13 #### 0.581 0.985 0.888 0.765 0.881 0.959 0.907 0.794 0.999 0.982 0.965 0.985 0.404 0.574 0.950 0.992 0.995 0.994 0.966 0.991 0.287 0.827 0.977 0.970 0.680 0.932 0.971 0.945 0.993 0.997 0.999 0.991 0.987 0.983 0.857 0.989 0.996 1.000 0.956 0.999 1.000 0.993 1.000 0.797 0.998 0.785 0.965 0.995 0.927 0.999 0.602 0.999 0.995 0.949 0.999 0.982 1.000 0.999 0.980 0.999 0.960 0.824 0.951 0.982 0.964 0.869 0.523 0.998 0.829 0.708 0.945 0.746 0.964 0.788 0.966 0.993 0.675 0.747 0.916 0.996 0.997 0.988 0.964 0.960 0.992 0.927 0.802 0.975 0.853 0.767 0.897 0.883 0.827 0.505 0.620 0.788 0.972 0.753 0.980 0.809 0.643 0.747 0.473 0.853 0.403 0.631 -0.220 -0.002 0.132 0.098 0.168 -0.108 0.967 0.983 0.495 0.902 0.999 0.885 0.949 0.778 0.429 0.998 1.000 0.763 1.000 0.375 0.879 -0.208 0.822 1.000 0.999 0.896 0.629 0.677 0.971 0.562 0.973 1.000 0.798 0.975 1
 
 
Proximity matrix (Pearson correlation coefficient) (continued): 
CY01 CY02 CY03 CY04 CY05 HT01 HT02 HT03 HT04 HT05 HT06 JO01 JO02 JO03 JO04 KU01 KU02 KU03 KU04 KU05 KU06 LB01 LB02 LB03 MD01 MD02 MD03 MD04 MD05 MD06 MD07 MD08 MD09 MD10 MD11 MD12 MD13 MD14 MD15 MD16 MD17 MD18 MD19 MD20 MD21 MD22 MD23 MD24 MD25 MD26 MD27 MD28 MD29 MD30 MD31 MD32 MD33 MD34 MD35 MD36 MD37 PP01 PP02 PP03 PP04 PP05 PP06 PP07 PP08 PP09 PP10 PP11 PP12 PP13 PP14 PP15 RA01 RA02 RA03 RA04 RA05 RA06 RA07 RA08 RA09 RA10 RA11 RA12 RA13 RA14 RA15 RA16 RA17 SE01 SE02 SE03 SE04 SE05 SE06 SE07 SE08 SE09 SE10 SE11 SE12 SE13 SE14 SG01 SG02 SG03 SG04 SG05 SG06 SI01 SI02 SI03 SI04 SI05 SI06 SI07 SI08 SI09 SI10 SI11 SI12 SI13 SI14 SI15 SI16 SK01 SK02 SK03 SK04 SK05 SK06 SK07 SK08 SK09 SK10 SK11 SK12 SK13
CY01 1 0.793 0.137 0.429 0.617 0.441 0.251 0.389 0.580 0.003 0.153 0.228 0.138 0.900 0.798 0.280 -0.159 0.060 -0.140 0.223 0.101 0.947 0.532 0.178 0.207 0.709 0.328 0.206 0.293 0.082 0.038 -0.073 -0.172 -0.197 -0.217 0.486 0.114 -0.121 -0.026 0.260 0.015 -0.020 -0.155 -0.013 0.576 -0.102 0.591 0.228 0.068 0.343 -0.078 0.777 -0.082 0.065 0.280 0.006 0.156 -0.054 -0.083 0.166 -0.069 0.247 0.538 0.276 0.156 0.231 0.465 0.833 -0.098 0.530 0.681 0.293 0.639 0.232 0.588 0.224 -0.151 0.713 0.638 0.368 0.058 0.043 0.120 0.233 0.245 0.089 0.342 0.569 0.186 0.491 0.615 0.411 0.438 0.533 0.845 0.762 0.588 0.200 0.631 0.162 0.559 0.742 0.638 0.864 0.492 0.901 0.753 0.983 0.999 0.986 0.991 0.979 0.997 0.221 0.147 0.851 0.399 0.008 0.434 0.281 0.601 0.888 -0.097 -0.057 0.619 -0.004 0.914 0.445 0.985 0.540 -0.038 0.010 0.412 0.755 0.712 0.206 0.807 0.197 -0.005 0.575 0.188 -0.035
CY02 0.793 1 0.712 0.890 0.969 0.897 0.789 0.870 0.956 0.612 0.723 0.774 0.713 0.979 1.000 0.807 0.476 0.656 0.493 0.771 0.687 0.946 0.938 0.741 0.760 0.992 0.836 0.759 0.815 0.672 0.639 0.550 0.464 0.441 0.423 0.918 0.696 0.509 0.589 0.794 0.621 0.593 0.479 0.599 0.955 0.526 0.960 0.774 0.662 0.844 0.546 1.000 0.542 0.659 0.807 0.614 0.726 0.565 0.541 0.732 0.553 0.786 0.940 0.805 0.726 0.776 0.908 0.998 0.529 0.937 0.986 0.815 0.975 0.777 0.959 0.772 0.483 0.993 0.975 0.858 0.654 0.643 0.700 0.778 0.785 0.678 0.844 0.952 0.746 0.920 0.968 0.881 0.895 0.938 0.996 0.999 0.959 0.756 0.973 0.730 0.948 0.997 0.975 0.992 0.920 0.979 0.998 0.666 0.813 0.883 0.867 0.900 0.747 0.770 0.720 0.995 0.875 0.616 0.893 0.808 0.963 0.984 0.530 0.563 0.969 0.607 0.972 0.899 0.675 0.941 0.579 0.617 0.882 0.998 0.992 0.760 1.000 0.754 0.605 0.954 0.748 0.581
CY03 0.137 0.712 1 0.954 0.864 0.949 0.993 0.966 0.886 0.991 1.000 0.996 1.000 0.555 0.706 0.989 0.956 0.997 0.962 0.996 0.999 0.447 0.911 0.999 0.997 0.795 0.981 0.998 0.987 0.998 0.995 0.978 0.952 0.944 0.937 0.932 1.000 0.967 0.987 0.992 0.993 0.988 0.957 0.989 0.889 0.972 0.880 0.996 0.998 0.978 0.977 0.730 0.976 0.997 0.989 0.991 1.000 0.982 0.976 1.000 0.979 0.994 0.909 0.990 1.000 0.995 0.941 0.662 0.972 0.913 0.819 0.987 0.849 0.995 0.882 0.996 0.959 0.792 0.850 0.972 0.997 0.996 1.000 0.995 0.994 0.999 0.978 0.892 0.999 0.930 0.865 0.959 0.951 0.911 0.646 0.746 0.882 0.998 0.855 1.000 0.898 0.765 0.850 0.618 0.930 0.554 0.755 -0.050 0.170 0.300 0.268 0.334 0.065 0.996 1.000 0.637 0.963 0.992 0.952 0.989 0.874 0.578 0.973 0.981 0.863 0.990 0.528 0.948 -0.037 0.908 0.985 0.992 0.959 0.753 0.793 0.998 0.695 0.998 0.990 0.889 0.999 0.985
CY04 0.429 0.890 0.954 1 0.976 1.000 0.982 0.999 0.985 0.905 0.958 0.978 0.954 0.779 0.886 0.987 0.824 0.928 0.835 0.976 0.942 0.695 0.993 0.965 0.973 0.941 0.994 0.972 0.989 0.935 0.919 0.870 0.816 0.801 0.789 0.998 0.946 0.845 0.892 0.984 0.910 0.895 0.826 0.898 0.986 0.855 0.982 0.977 0.931 0.996 0.867 0.902 0.865 0.929 0.987 0.906 0.959 0.879 0.865 0.962 0.872 0.981 0.992 0.987 0.959 0.978 0.999 0.857 0.857 0.993 0.954 0.989 0.969 0.978 0.983 0.977 0.828 0.939 0.969 0.998 0.927 0.921 0.948 0.979 0.981 0.938 0.996 0.987 0.967 0.998 0.976 1.000 1.000 0.993 0.846 0.912 0.983 0.971 0.971 0.961 0.989 0.924 0.969 0.826 0.997 0.779 0.917 0.253 0.458 0.573 0.545 0.603 0.362 0.976 0.957 0.839 0.999 0.907 1.000 0.988 0.980 0.797 0.858 0.877 0.975 0.902 0.759 1.000 0.266 0.992 0.886 0.908 1.000 0.916 0.940 0.972 0.879 0.970 0.901 0.986 0.968 0.888
CY05 0.617 0.969 0.864 0.976 1 0.979 0.917 0.965 0.999 0.789 0.872 0.907 0.865 0.898 0.966 0.928 0.679 0.823 0.693 0.905 0.846 0.836 0.995 0.885 0.898 0.992 0.946 0.897 0.933 0.835 0.810 0.740 0.669 0.650 0.635 0.988 0.852 0.706 0.771 0.920 0.797 0.774 0.682 0.779 0.999 0.720 0.999 0.907 0.827 0.951 0.737 0.975 0.734 0.825 0.929 0.791 0.874 0.753 0.733 0.879 0.743 0.915 0.995 0.927 0.874 0.908 0.984 0.949 0.723 0.994 0.996 0.933 1.000 0.909 0.999 0.905 0.685 0.992 1.000 0.959 0.821 0.813 0.856 0.909 0.914 0.839 0.951 0.998 0.888 0.989 1.000 0.971 0.978 0.995 0.942 0.980 0.999 0.895 1.000 0.877 0.997 0.985 1.000 0.929 0.989 0.897 0.982 0.460 0.643 0.739 0.716 0.763 0.558 0.904 0.870 0.938 0.968 0.792 0.977 0.929 1.000 0.910 0.724 0.750 1.000 0.785 0.884 0.979 0.471 0.996 0.763 0.793 0.971 0.982 0.992 0.898 0.963 0.893 0.784 0.999 0.889 0.765
HT01 0.441 0.897 0.949 1.000 0.979 1 0.979 0.998 0.987 0.899 0.954 0.974 0.950 0.788 0.893 0.985 0.816 0.922 0.827 0.973 0.937 0.705 0.995 0.962 0.969 0.946 0.992 0.969 0.987 0.930 0.914 0.863 0.808 0.793 0.780 0.999 0.942 0.837 0.886 0.981 0.904 0.888 0.818 0.891 0.988 0.848 0.985 0.974 0.925 0.994 0.860 0.908 0.858 0.924 0.985 0.900 0.955 0.872 0.857 0.958 0.865 0.978 0.994 0.984 0.955 0.975 1.000 0.864 0.850 0.995 0.958 0.987 0.972 0.975 0.985 0.973 0.820 0.944 0.973 0.997 0.921 0.916 0.944 0.976 0.978 0.933 0.994 0.989 0.964 0.998 0.979 0.999 1.000 0.995 0.853 0.917 0.985 0.967 0.975 0.957 0.991 0.929 0.972 0.834 0.998 0.787 0.923 0.267 0.471 0.585 0.557 0.614 0.375 0.973 0.953 0.847 0.999 0.901 1.000 0.985 0.983 0.805 0.850 0.870 0.978 0.896 0.768 1.000 0.279 0.994 0.880 0.902 0.999 0.922 0.944 0.969 0.886 0.967 0.895 0.988 0.964 0.881
HT02 0.251 0.789 0.993 0.982 0.917 0.979 1 0.989 0.934 0.969 0.995 1.000 0.993 0.647 0.783 1.000 0.916 0.981 0.924 1.000 0.988 0.547 0.953 0.997 0.999 0.860 0.997 0.999 0.999 0.985 0.977 0.947 0.911 0.900 0.891 0.968 0.990 0.930 0.961 1.000 0.972 0.963 0.917 0.965 0.936 0.938 0.929 1.000 0.983 0.995 0.946 0.804 0.944 0.982 1.000 0.969 0.995 0.953 0.944 0.996 0.948 1.000 0.951 1.000 0.995 1.000 0.974 0.744 0.939 0.954 0.880 0.999 0.905 1.000 0.931 1.000 0.919 0.857 0.905 0.992 0.981 0.978 0.991 1.000 1.000 0.987 0.995 0.939 0.998 0.966 0.918 0.986 0.980 0.953 0.730 0.818 0.930 0.999 0.909 0.996 0.943 0.835 0.905 0.704 0.966 0.646 0.826 0.066 0.283 0.409 0.377 0.441 0.180 1.000 0.994 0.722 0.988 0.970 0.981 0.999 0.925 0.668 0.939 0.952 0.916 0.967 0.623 0.978 0.079 0.950 0.958 0.971 0.985 0.824 0.858 0.999 0.774 0.998 0.967 0.936 0.998 0.959
HT03 0.389 0.870 0.966 0.999 0.965 0.998 0.989 1 0.976 0.922 0.970 0.986 0.966 0.751 0.865 0.993 0.848 0.943 0.858 0.985 0.956 0.663 0.987 0.976 0.982 0.925 0.998 0.982 0.995 0.950 0.936 0.890 0.841 0.827 0.815 0.994 0.960 0.867 0.911 0.991 0.927 0.913 0.850 0.916 0.977 0.877 0.973 0.986 0.946 0.999 0.888 0.882 0.886 0.944 0.993 0.923 0.971 0.899 0.886 0.973 0.892 0.989 0.986 0.993 0.971 0.986 0.996 0.833 0.879 0.987 0.939 0.995 0.957 0.986 0.974 0.985 0.852 0.923 0.957 1.000 0.942 0.937 0.961 0.987 0.988 0.952 0.999 0.979 0.978 0.993 0.966 1.000 0.999 0.987 0.821 0.893 0.974 0.980 0.960 0.972 0.981 0.906 0.957 0.800 0.993 0.750 0.899 0.211 0.419 0.537 0.508 0.567 0.321 0.984 0.969 0.815 1.000 0.924 0.999 0.993 0.970 0.769 0.879 0.897 0.964 0.920 0.730 0.998 0.223 0.985 0.906 0.925 1.000 0.898 0.924 0.982 0.858 0.980 0.919 0.977 0.978 0.907
HT04 0.580 0.956 0.886 0.985 0.999 0.987 0.934 0.976 1 0.816 0.894 0.926 0.887 0.877 0.954 0.944 0.712 0.848 0.726 0.923 0.869 0.810 0.998 0.905 0.917 0.986 0.960 0.916 0.949 0.859 0.836 0.770 0.703 0.684 0.669 0.994 0.875 0.738 0.799 0.937 0.823 0.803 0.714 0.807 1.000 0.751 1.000 0.925 0.852 0.964 0.767 0.963 0.764 0.850 0.945 0.818 0.895 0.782 0.763 0.899 0.772 0.933 0.999 0.943 0.895 0.927 0.991 0.934 0.754 0.998 0.992 0.949 0.997 0.927 1.000 0.924 0.718 0.985 0.997 0.971 0.847 0.839 0.878 0.927 0.932 0.863 0.964 1.000 0.908 0.994 0.999 0.981 0.986 0.998 0.926 0.969 1.000 0.914 0.998 0.898 1.000 0.976 0.997 0.912 0.994 0.876 0.973 0.419 0.607 0.708 0.683 0.733 0.520 0.923 0.891 0.921 0.978 0.819 0.986 0.945 1.000 0.890 0.755 0.780 0.999 0.812 0.861 0.988 0.430 0.999 0.792 0.820 0.981 0.972 0.985 0.917 0.949 0.913 0.812 1.000 0.909 0.794
HT05 0.003 0.612 0.991 0.905 0.789 0.899 0.969 0.922 0.816 1 0.989 0.974 0.991 0.438 0.605 0.961 0.987 0.998 0.990 0.976 0.995 0.323 0.848 0.985 0.979 0.707 0.946 0.979 0.957 0.997 0.999 0.997 0.985 0.980 0.976 0.876 0.994 0.992 1.000 0.967 1.000 1.000 0.987 1.000 0.820 0.994 0.808 0.974 0.998 0.941 0.997 0.632 0.996 0.998 0.961 1.000 0.988 0.998 0.996 0.987 0.997 0.970 0.845 0.962 0.988 0.974 0.887 0.555 0.995 0.850 0.734 0.957 0.771 0.973 0.811 0.975 0.988 0.703 0.772 0.931 0.999 0.999 0.993 0.973 0.970 0.996 0.941 0.824 0.983 0.872 0.791 0.913 0.900 0.848 0.538 0.650 0.811 0.980 0.778 0.987 0.831 0.672 0.772 0.507 0.872 0.437 0.661 -0.183 0.036 0.170 0.136 0.205 -0.070 0.976 0.990 0.528 0.918 1.000 0.902 0.961 0.801 0.463 0.995 0.998 0.787 1.000 0.410 0.897 -0.170 0.843 0.999 1.000 0.913 0.659 0.704 0.979 0.593 0.981 1.000 0.820 0.983 0.999
HT06 0.153 0.723 1.000 0.958 0.872 0.954 0.995 0.970 0.894 0.989 1 0.997 1.000 0.568 0.717 0.991 0.951 0.996 0.957 0.997 0.999 0.461 0.918 1.000 0.998 0.805 0.984 0.999 0.990 0.997 0.993 0.974 0.947 0.939 0.932 0.938 0.999 0.962 0.984 0.994 0.991 0.985 0.953 0.986 0.896 0.968 0.887 0.997 0.996 0.981 0.973 0.741 0.972 0.996 0.991 0.989 1.000 0.979 0.972 1.000 0.975 0.995 0.915 0.992 1.000 0.997 0.946 0.674 0.969 0.919 0.828 0.990 0.858 0.997 0.889 0.997 0.954 0.801 0.858 0.975 0.995 0.994 0.999 0.997 0.996 0.998 0.981 0.899 0.999 0.936 0.873 0.964 0.955 0.918 0.658 0.756 0.889 0.999 0.863 1.000 0.905 0.775 0.858 0.630 0.936 0.567 0.765 -0.034 0.185 0.315 0.283 0.349 0.081 0.998 1.000 0.649 0.967 0.989 0.957 0.991 0.882 0.591 0.969 0.978 0.871 0.988 0.542 0.953 -0.021 0.914 0.982 0.990 0.963 0.764 0.803 0.999 0.707 0.999 0.987 0.897 0.999 0.982
JO01 0.228 0.774 0.996 0.978 0.907 0.974 1.000 0.986 0.926 0.974 0.997 1 0.996 0.630 0.769 0.999 0.925 0.986 0.932 1.000 0.992 0.528 0.946 0.999 1.000 0.848 0.995 1.000 0.998 0.989 0.982 0.954 0.920 0.909 0.901 0.962 0.993 0.939 0.967 0.999 0.977 0.969 0.926 0.970 0.928 0.945 0.920 1.000 0.987 0.993 0.953 0.790 0.952 0.986 0.999 0.975 0.997 0.960 0.951 0.998 0.955 1.000 0.944 0.999 0.997 1.000 0.968 0.729 0.947 0.947 0.868 0.998 0.895 1.000 0.922 1.000 0.928 0.845 0.895 0.989 0.985 0.983 0.994 1.000 1.000 0.990 0.993 0.930 0.999 0.960 0.908 0.981 0.975 0.946 0.714 0.804 0.922 1.000 0.900 0.998 0.935 0.822 0.895 0.688 0.960 0.629 0.813 0.044 0.261 0.388 0.356 0.421 0.157 1.000 0.997 0.706 0.984 0.975 0.976 0.999 0.916 0.651 0.947 0.959 0.906 0.973 0.605 0.973 0.056 0.943 0.964 0.976 0.981 0.811 0.846 1.000 0.759 0.999 0.972 0.928 0.999 0.965
JO02 0.138 0.713 1.000 0.954 0.865 0.950 0.993 0.966 0.887 0.991 1.000 0.996 1 0.556 0.707 0.989 0.956 0.997 0.961 0.996 0.999 0.448 0.912 0.999 0.998 0.796 0.981 0.998 0.988 0.998 0.995 0.978 0.952 0.944 0.937 0.933 1.000 0.966 0.987 0.992 0.992 0.987 0.957 0.988 0.889 0.971 0.880 0.996 0.998 0.978 0.977 0.731 0.976 0.997 0.989 0.991 1.000 0.981 0.975 1.000 0.978 0.994 0.909 0.990 1.000 0.996 0.941 0.663 0.972 0.913 0.819 0.987 0.850 0.995 0.883 0.996 0.958 0.793 0.851 0.972 0.997 0.995 1.000 0.995 0.994 0.999 0.978 0.893 0.999 0.931 0.866 0.960 0.951 0.912 0.647 0.746 0.882 0.998 0.856 1.000 0.899 0.766 0.851 0.619 0.930 0.555 0.756 -0.048 0.171 0.301 0.269 0.336 0.066 0.996 1.000 0.638 0.963 0.991 0.952 0.989 0.875 0.579 0.972 0.981 0.863 0.990 0.529 0.948 -0.036 0.908 0.984 0.992 0.959 0.754 0.794 0.998 0.696 0.998 0.990 0.890 0.999 0.985
JO03 0.900 0.979 0.555 0.779 0.898 0.788 0.647 0.751 0.877 0.438 0.568 0.630 0.556 1 0.981 0.670 0.287 0.489 0.306 0.625 0.524 0.992 0.848 0.589 0.613 0.946 0.707 0.611 0.680 0.508 0.470 0.369 0.275 0.250 0.230 0.818 0.535 0.323 0.412 0.654 0.449 0.417 0.290 0.424 0.874 0.342 0.883 0.630 0.496 0.718 0.364 0.974 0.360 0.493 0.671 0.441 0.571 0.386 0.359 0.579 0.372 0.644 0.851 0.667 0.571 0.632 0.804 0.991 0.345 0.846 0.932 0.680 0.910 0.633 0.881 0.626 0.295 0.947 0.910 0.736 0.487 0.474 0.541 0.634 0.643 0.514 0.717 0.871 0.596 0.822 0.897 0.767 0.786 0.848 0.994 0.968 0.882 0.607 0.906 0.576 0.864 0.960 0.910 0.997 0.822 1.000 0.964 0.803 0.914 0.960 0.950 0.970 0.866 0.624 0.564 0.995 0.759 0.443 0.783 0.671 0.889 1.000 0.347 0.383 0.899 0.432 0.999 0.791 0.811 0.853 0.401 0.445 0.768 0.965 0.947 0.612 0.984 0.605 0.431 0.874 0.597 0.404
JO04 0.798 1.000 0.706 0.886 0.966 0.893 0.783 0.865 0.954 0.605 0.717 0.769 0.707 0.981 1 0.802 0.468 0.649 0.485 0.765 0.680 0.949 0.935 0.735 0.755 0.991 0.831 0.754 0.810 0.666 0.633 0.542 0.456 0.433 0.415 0.914 0.689 0.501 0.582 0.789 0.615 0.586 0.471 0.592 0.952 0.518 0.958 0.769 0.655 0.839 0.539 0.999 0.535 0.653 0.802 0.607 0.720 0.558 0.534 0.726 0.546 0.781 0.937 0.799 0.720 0.771 0.904 0.998 0.521 0.934 0.985 0.810 0.973 0.771 0.956 0.766 0.475 0.992 0.973 0.854 0.648 0.636 0.694 0.772 0.779 0.671 0.839 0.950 0.740 0.917 0.966 0.877 0.891 0.935 0.997 0.998 0.957 0.750 0.971 0.724 0.946 0.996 0.973 0.993 0.917 0.981 0.997 0.672 0.818 0.888 0.871 0.904 0.752 0.764 0.714 0.996 0.871 0.609 0.889 0.803 0.961 0.986 0.523 0.556 0.967 0.600 0.974 0.895 0.682 0.938 0.571 0.610 0.878 0.998 0.991 0.754 1.000 0.748 0.598 0.952 0.742 0.574
KU01 0.280 0.807 0.989 0.987 0.928 0.985 1.000 0.993 0.944 0.961 0.991 0.999 0.989 0.670 0.802 1 0.903 0.975 0.911 0.998 0.983 0.573 0.962 0.995 0.997 0.875 0.999 0.997 1.000 0.980 0.970 0.937 0.898 0.886 0.876 0.975 0.986 0.919 0.952 1.000 0.964 0.954 0.905 0.956 0.946 0.926 0.940 0.999 0.977 0.998 0.935 0.822 0.934 0.976 1.000 0.961 0.992 0.943 0.933 0.993 0.938 0.999 0.960 1.000 0.992 0.999 0.980 0.764 0.928 0.963 0.894 1.000 0.917 0.999 0.941 0.998 0.907 0.873 0.918 0.996 0.975 0.971 0.987 0.999 0.999 0.981 0.998 0.949 0.995 0.974 0.929 0.990 0.986 0.962 0.750 0.835 0.941 0.997 0.922 0.993 0.953 0.851 0.918 0.726 0.974 0.669 0.843 0.097 0.312 0.436 0.406 0.469 0.210 0.998 0.991 0.743 0.992 0.962 0.986 1.000 0.936 0.691 0.928 0.942 0.927 0.959 0.647 0.984 0.110 0.959 0.948 0.963 0.990 0.841 0.874 0.997 0.793 0.996 0.958 0.947 0.996 0.950
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SI06 0.434 0.893 0.952 1.000 0.977 1.000 0.981 0.999 0.986 0.902 0.957 0.976 0.952 0.783 0.889 0.986 0.820 0.925 0.832 0.975 0.940 0.700 0.994 0.964 0.971 0.943 0.993 0.971 0.988 0.933 0.917 0.867 0.813 0.798 0.785 0.998 0.944 0.842 0.889 0.983 0.907 0.892 0.822 0.895 0.987 0.852 0.983 0.976 0.928 0.995 0.864 0.904 0.862 0.927 0.986 0.903 0.958 0.876 0.862 0.960 0.869 0.980 0.993 0.986 0.958 0.977 0.999 0.860 0.854 0.994 0.955 0.989 0.970 0.977 0.984 0.975 0.825 0.941 0.971 0.997 0.924 0.919 0.947 0.977 0.980 0.936 0.995 0.988 0.966 0.998 0.977 1.000 1.000 0.994 0.849 0.914 0.984 0.970 0.973 0.959 0.990 0.926 0.970 0.829 0.998 0.782 0.920 0.259 0.464 0.578 0.550 0.607 0.367 0.975 0.955 0.842 0.999 0.904 1 0.987 0.981 0.800 0.855 0.875 0.976 0.899 0.763 1.000 0.271 0.993 0.884 0.905 1.000 0.919 0.942 0.971 0.882 0.969 0.899 0.987 0.966 0.885
SI07 0.281 0.808 0.989 0.988 0.929 0.985 0.999 0.993 0.945 0.961 0.991 0.999 0.989 0.671 0.803 1.000 0.903 0.975 0.911 0.998 0.983 0.574 0.962 0.994 0.997 0.876 0.999 0.997 1.000 0.979 0.970 0.936 0.897 0.885 0.876 0.975 0.985 0.918 0.952 1.000 0.964 0.954 0.904 0.956 0.947 0.926 0.940 0.999 0.977 0.998 0.935 0.822 0.933 0.976 1.000 0.961 0.992 0.943 0.933 0.993 0.938 0.999 0.960 1.000 0.992 0.999 0.980 0.765 0.928 0.963 0.894 1.000 0.918 0.999 0.942 0.998 0.906 0.873 0.918 0.996 0.974 0.971 0.986 0.999 0.999 0.981 0.998 0.949 0.995 0.974 0.930 0.990 0.986 0.962 0.751 0.836 0.942 0.997 0.922 0.993 0.953 0.852 0.918 0.727 0.974 0.670 0.843 0.098 0.313 0.437 0.407 0.469 0.211 0.998 0.991 0.743 0.992 0.962 0.987 1 0.936 0.691 0.928 0.942 0.928 0.959 0.647 0.985 0.111 0.959 0.948 0.962 0.990 0.842 0.874 0.997 0.794 0.996 0.958 0.947 0.995 0.949
SI08 0.601 0.963 0.874 0.980 1.000 0.983 0.925 0.970 1.000 0.801 0.882 0.916 0.875 0.889 0.961 0.936 0.694 0.834 0.708 0.913 0.856 0.825 0.997 0.894 0.907 0.990 0.952 0.906 0.940 0.846 0.822 0.753 0.684 0.665 0.650 0.991 0.863 0.721 0.784 0.928 0.809 0.787 0.696 0.791 1.000 0.734 1.000 0.916 0.839 0.957 0.750 0.970 0.747 0.837 0.936 0.803 0.883 0.766 0.747 0.888 0.756 0.923 0.997 0.934 0.883 0.917 0.987 0.943 0.737 0.996 0.995 0.941 0.999 0.917 1.000 0.914 0.700 0.989 0.999 0.964 0.833 0.825 0.866 0.918 0.922 0.850 0.957 0.999 0.897 0.991 1.000 0.976 0.982 0.997 0.935 0.975 1.000 0.904 0.999 0.886 0.999 0.982 0.999 0.922 0.991 0.888 0.978 0.442 0.627 0.726 0.702 0.750 0.541 0.912 0.879 0.931 0.973 0.804 0.981 0.936 1 0.901 0.738 0.764 1.000 0.797 0.874 0.983 0.453 0.997 0.776 0.806 0.976 0.978 0.989 0.906 0.957 0.902 0.796 0.999 0.898 0.778
SI09 0.888 0.984 0.578 0.797 0.910 0.805 0.668 0.769 0.890 0.463 0.591 0.651 0.579 1.000 0.986 0.691 0.313 0.513 0.332 0.646 0.548 0.988 0.862 0.611 0.634 0.954 0.726 0.633 0.700 0.531 0.494 0.394 0.301 0.276 0.257 0.834 0.558 0.349 0.437 0.675 0.474 0.442 0.317 0.449 0.887 0.368 0.896 0.651 0.520 0.737 0.390 0.980 0.386 0.517 0.691 0.465 0.593 0.412 0.385 0.601 0.398 0.665 0.866 0.688 0.593 0.653 0.820 0.994 0.371 0.861 0.942 0.701 0.921 0.654 0.894 0.648 0.321 0.956 0.921 0.755 0.511 0.498 0.564 0.655 0.664 0.538 0.736 0.884 0.618 0.837 0.909 0.784 0.803 0.862 0.996 0.975 0.894 0.629 0.917 0.598 0.878 0.968 0.921 0.999 0.837 1.000 0.971 0.787 0.903 0.952 0.941 0.962 0.852 0.645 0.586 0.997 0.776 0.467 0.800 0.691 0.901 1 0.373 0.409 0.911 0.457 0.998 0.807 0.794 0.867 0.426 0.469 0.785 0.972 0.955 0.634 0.988 0.626 0.456 0.887 0.619 0.429
SI10 #### 0.530 0.973 0.858 0.724 0.850 0.939 0.879 0.755 0.995 0.969 0.947 0.972 0.347 0.523 0.928 0.998 0.988 0.999 0.949 0.980 0.227 0.791 0.962 0.954 0.633 0.908 0.954 0.924 0.984 0.991 1.000 0.997 0.995 0.993 0.823 0.978 1.000 0.997 0.936 0.994 0.997 0.998 0.997 0.758 1.000 0.746 0.947 0.986 0.902 1.000 0.551 1.000 0.987 0.928 0.995 0.968 0.999 1.000 0.966 1.000 0.941 0.787 0.930 0.968 0.946 0.836 0.470 1.000 0.793 0.663 0.923 0.704 0.946 0.749 0.948 0.998 0.629 0.705 0.890 0.988 0.990 0.976 0.945 0.941 0.983 0.902 0.763 0.960 0.819 0.726 0.868 0.853 0.791 0.451 0.571 0.748 0.956 0.711 0.966 0.771 0.595 0.704 0.418 0.819 0.345 0.583 -0.280 -0.063 0.071 0.037 0.107 -0.169 0.949 0.970 0.440 0.874 0.995 0.855 0.928 0.738 0.373 1 0.999 0.722 0.996 0.317 0.848 -0.268 0.785 0.998 0.994 0.867 0.580 0.630 0.954 0.510 0.957 0.996 0.759 0.959 0.998
SI11 #### 0.563 0.981 0.877 0.750 0.870 0.952 0.897 0.780 0.998 0.978 0.959 0.981 0.383 0.556 0.942 0.995 0.993 0.997 0.961 0.987 0.265 0.815 0.972 0.965 0.663 0.924 0.965 0.938 0.990 0.995 1.000 0.993 0.990 0.987 0.845 0.985 0.998 1.000 0.949 0.997 0.999 0.995 0.999 0.783 0.999 0.771 0.959 0.992 0.918 1.000 0.584 1.000 0.993 0.942 0.998 0.977 1.000 1.000 0.975 1.000 0.953 0.811 0.944 0.977 0.958 0.857 0.504 0.999 0.817 0.692 0.938 0.731 0.958 0.774 0.960 0.996 0.659 0.732 0.907 0.993 0.995 0.984 0.957 0.954 0.989 0.919 0.788 0.970 0.841 0.752 0.887 0.873 0.814 0.486 0.603 0.774 0.967 0.739 0.976 0.796 0.626 0.732 0.454 0.841 0.382 0.614 -0.242 -0.024 0.110 0.076 0.146 -0.130 0.961 0.979 0.475 0.893 0.998 0.875 0.942 0.764 0.409 0.999 1 0.749 0.999 0.354 0.868 -0.230 0.809 1.000 0.998 0.886 0.612 0.660 0.965 0.543 0.967 0.999 0.784 0.970 1.000
SI12 0.619 0.969 0.863 0.975 1.000 0.978 0.916 0.964 0.999 0.787 0.871 0.906 0.863 0.899 0.967 0.927 0.677 0.821 0.691 0.904 0.844 0.838 0.994 0.883 0.897 0.993 0.945 0.896 0.932 0.833 0.809 0.738 0.668 0.648 0.633 0.987 0.851 0.705 0.769 0.919 0.795 0.773 0.680 0.777 0.999 0.718 0.999 0.906 0.826 0.950 0.735 0.975 0.732 0.824 0.928 0.789 0.872 0.751 0.731 0.877 0.741 0.914 0.995 0.926 0.872 0.907 0.983 0.950 0.721 0.994 0.997 0.932 1.000 0.908 0.999 0.904 0.683 0.992 1.000 0.958 0.820 0.812 0.854 0.908 0.913 0.838 0.950 0.998 0.887 0.988 1.000 0.970 0.977 0.994 0.943 0.980 0.999 0.893 1.000 0.876 0.997 0.986 1.000 0.930 0.988 0.899 0.983 0.462 0.645 0.741 0.718 0.765 0.560 0.903 0.868 0.939 0.967 0.790 0.976 0.928 1.000 0.911 0.722 0.749 1 0.783 0.885 0.979 0.473 0.995 0.761 0.792 0.971 0.982 0.992 0.896 0.963 0.892 0.782 0.998 0.888 0.763
SI13 #### 0.607 0.990 0.902 0.785 0.896 0.967 0.920 0.812 1.000 0.988 0.973 0.990 0.432 0.600 0.959 0.988 0.998 0.991 0.974 0.994 0.317 0.845 0.983 0.978 0.702 0.943 0.978 0.955 0.996 0.999 0.998 0.986 0.981 0.977 0.872 0.993 0.993 1.000 0.965 1.000 1.000 0.988 1.000 0.816 0.995 0.804 0.973 0.997 0.938 0.997 0.627 0.997 0.998 0.959 1.000 0.987 0.999 0.997 0.986 0.998 0.968 0.841 0.960 0.987 0.972 0.884 0.550 0.996 0.846 0.730 0.955 0.767 0.972 0.807 0.974 0.989 0.698 0.768 0.929 0.998 0.999 0.992 0.972 0.969 0.996 0.938 0.820 0.982 0.869 0.786 0.910 0.898 0.844 0.532 0.645 0.807 0.979 0.774 0.986 0.827 0.667 0.767 0.501 0.869 0.431 0.656 -0.189 0.030 0.163 0.130 0.199 -0.076 0.974 0.989 0.522 0.916 1.000 0.899 0.959 0.797 0.457 0.996 0.999 0.783 1 0.404 0.894 -0.177 0.840 0.999 1.000 0.910 0.653 0.700 0.978 0.588 0.980 1.000 0.816 0.981 1.000
SI14 0.914 0.972 0.528 0.759 0.884 0.768 0.623 0.730 0.861 0.410 0.542 0.605 0.529 0.999 0.974 0.647 0.256 0.461 0.275 0.600 0.497 0.996 0.831 0.563 0.587 0.935 0.684 0.586 0.656 0.480 0.441 0.339 0.244 0.219 0.199 0.799 0.508 0.293 0.383 0.630 0.421 0.388 0.260 0.395 0.858 0.312 0.868 0.605 0.468 0.695 0.335 0.966 0.330 0.465 0.647 0.412 0.544 0.357 0.329 0.553 0.343 0.620 0.834 0.643 0.544 0.607 0.785 0.986 0.315 0.829 0.920 0.657 0.897 0.608 0.866 0.601 0.264 0.937 0.896 0.714 0.459 0.446 0.514 0.609 0.618 0.487 0.695 0.855 0.570 0.803 0.882 0.746 0.766 0.831 0.989 0.960 0.866 0.581 0.892 0.550 0.848 0.951 0.896 0.994 0.803 1.000 0.955 0.822 0.927 0.969 0.960 0.977 0.882 0.599 0.537 0.991 0.737 0.414 0.763 0.647 0.874 0.998 0.317 0.354 0.885 0.404 1 0.771 0.829 0.836 0.371 0.416 0.747 0.956 0.936 0.587 0.977 0.579 0.402 0.858 0.571 0.375
SI15 0.445 0.899 0.948 1.000 0.979 1.000 0.978 0.998 0.988 0.897 0.953 0.973 0.948 0.791 0.895 0.984 0.813 0.921 0.825 0.972 0.936 0.708 0.995 0.960 0.968 0.947 0.992 0.968 0.987 0.929 0.912 0.860 0.806 0.790 0.778 0.999 0.940 0.835 0.884 0.980 0.902 0.886 0.815 0.889 0.988 0.846 0.985 0.973 0.924 0.994 0.858 0.909 0.856 0.922 0.984 0.898 0.954 0.870 0.855 0.957 0.862 0.978 0.994 0.984 0.954 0.974 1.000 0.866 0.848 0.995 0.959 0.987 0.973 0.974 0.986 0.972 0.818 0.945 0.973 0.996 0.920 0.914 0.942 0.975 0.977 0.932 0.994 0.990 0.963 0.999 0.980 0.999 1.000 0.995 0.855 0.919 0.986 0.966 0.976 0.956 0.991 0.930 0.973 0.836 0.999 0.790 0.925 0.271 0.475 0.588 0.560 0.617 0.379 0.972 0.951 0.849 0.999 0.899 1.000 0.985 0.983 0.807 0.848 0.868 0.979 0.894 0.771 1 0.283 0.994 0.878 0.900 0.999 0.924 0.946 0.968 0.888 0.966 0.893 0.989 0.963 0.879
SI16 0.985 0.675 ### 0.266 0.471 0.279 0.079 0.223 0.430 -0.170 -0.021 0.056 -0.036 0.811 0.682 0.110 -0.328 -0.114 -0.309 0.050 -0.073 0.878 0.377 0.005 0.034 0.576 0.160 0.033 0.122 -0.092 -0.136 -0.245 -0.340 -0.364 -0.383 0.327 -0.060 -0.292 -0.199 0.088 -0.158 -0.193 -0.324 -0.186 0.425 -0.273 0.442 0.056 -0.106 0.175 -0.249 0.656 -0.254 -0.109 0.110 -0.168 -0.018 -0.227 -0.255 -0.008 -0.241 0.075 0.383 0.105 -0.018 0.059 0.304 0.725 -0.269 0.374 0.544 0.123 0.496 0.060 0.439 0.052 -0.320 0.581 0.495 0.201 -0.116 -0.131 -0.054 0.061 0.073 -0.085 0.174 0.418 0.013 0.333 0.469 0.246 0.275 0.378 0.739 0.638 0.439 0.027 0.487 -0.011 0.407 0.615 0.495 0.763 0.333 0.812 0.627 1.000 0.979 0.942 0.953 0.929 0.995 0.049 -0.026 0.747 0.234 -0.166 0.271 0.111 0.453 0.794 -0.268 -0.230 0.473 -0.177 0.829 0.283 1 0.386 -0.211 -0.163 0.248 0.629 0.579 0.034 0.692 0.024 -0.178 0.424 0.015 -0.208
SK01 0.540 0.941 0.908 0.992 0.996 0.994 0.950 0.985 0.999 0.843 0.914 0.943 0.908 0.853 0.938 0.959 0.745 0.873 0.758 0.941 0.892 0.781 1.000 0.924 0.935 0.976 0.972 0.935 0.963 0.883 0.862 0.800 0.736 0.719 0.704 0.998 0.898 0.770 0.827 0.953 0.850 0.830 0.747 0.834 0.999 0.782 0.998 0.943 0.876 0.976 0.797 0.949 0.794 0.875 0.959 0.845 0.916 0.811 0.794 0.919 0.802 0.949 1.000 0.958 0.915 0.944 0.996 0.915 0.785 1.000 0.984 0.963 0.992 0.944 0.998 0.941 0.750 0.975 0.993 0.981 0.871 0.864 0.900 0.944 0.948 0.886 0.976 0.999 0.927 0.998 0.996 0.989 0.993 1.000 0.907 0.957 0.998 0.933 0.994 0.918 1.000 0.965 0.993 0.891 0.998 0.852 0.961 0.374 0.568 0.673 0.648 0.699 0.478 0.940 0.912 0.902 0.987 0.846 0.993 0.959 0.997 0.867 0.785 0.809 0.995 0.840 0.836 0.994 0.386 1 0.820 0.847 0.989 0.960 0.976 0.935 0.933 0.931 0.839 0.999 0.928 0.822
SK02 #### 0.579 0.985 0.886 0.763 0.880 0.958 0.906 0.792 0.999 0.982 0.964 0.984 0.401 0.571 0.948 0.993 0.995 0.995 0.966 0.990 0.283 0.825 0.976 0.970 0.677 0.931 0.970 0.944 0.993 0.997 0.999 0.991 0.987 0.984 0.855 0.988 0.997 1.000 0.955 0.999 1.000 0.993 1.000 0.795 0.998 0.783 0.964 0.994 0.926 0.999 0.599 0.999 0.995 0.948 0.999 0.981 1.000 0.999 0.979 1.000 0.959 0.822 0.950 0.981 0.963 0.867 0.520 0.998 0.827 0.706 0.944 0.744 0.963 0.786 0.965 0.994 0.673 0.745 0.915 0.995 0.997 0.987 0.963 0.960 0.992 0.926 0.800 0.975 0.851 0.765 0.895 0.882 0.825 0.502 0.618 0.786 0.971 0.751 0.980 0.807 0.641 0.745 0.471 0.851 0.400 0.629 -0.223 -0.005 0.129 0.095 0.165 -0.111 0.966 0.983 0.492 0.901 0.999 0.884 0.948 0.776 0.426 0.998 1.000 0.761 0.999 0.371 0.878 -0.211 0.820 1 0.999 0.895 0.627 0.674 0.970 0.559 0.972 0.999 0.796 0.974 1.000
SK03 0.010 0.617 0.992 0.908 0.793 0.902 0.971 0.925 0.820 1.000 0.990 0.976 0.992 0.445 0.610 0.963 0.986 0.999 0.989 0.977 0.996 0.330 0.852 0.986 0.980 0.712 0.948 0.981 0.959 0.997 1.000 0.997 0.983 0.978 0.974 0.879 0.995 0.991 0.999 0.968 1.000 1.000 0.986 1.000 0.824 0.994 0.812 0.976 0.998 0.943 0.996 0.637 0.996 0.999 0.963 1.000 0.989 0.998 0.996 0.988 0.997 0.971 0.849 0.964 0.989 0.975 0.890 0.561 0.994 0.854 0.739 0.959 0.776 0.975 0.815 0.977 0.987 0.708 0.776 0.934 0.999 0.999 0.994 0.975 0.972 0.997 0.943 0.828 0.984 0.876 0.795 0.916 0.904 0.852 0.544 0.655 0.815 0.982 0.782 0.988 0.835 0.677 0.776 0.513 0.876 0.444 0.666 -0.176 0.043 0.177 0.143 0.212 -0.062 0.977 0.991 0.534 0.921 1.000 0.905 0.962 0.806 0.469 0.994 0.998 0.792 1.000 0.416 0.900 -0.163 0.847 0.999 1 0.915 0.664 0.709 0.981 0.599 0.982 1.000 0.824 0.984 0.999
SK04 0.412 0.882 0.959 1.000 0.971 0.999 0.985 1.000 0.981 0.913 0.963 0.981 0.959 0.768 0.878 0.990 0.834 0.934 0.845 0.980 0.948 0.682 0.991 0.970 0.977 0.934 0.996 0.977 0.992 0.942 0.926 0.879 0.827 0.812 0.800 0.997 0.952 0.855 0.900 0.987 0.918 0.903 0.836 0.906 0.982 0.865 0.978 0.981 0.937 0.997 0.877 0.894 0.874 0.936 0.990 0.914 0.964 0.888 0.874 0.967 0.881 0.985 0.990 0.990 0.964 0.982 0.998 0.847 0.867 0.991 0.948 0.992 0.964 0.982 0.979 0.980 0.839 0.932 0.964 0.999 0.934 0.928 0.954 0.982 0.984 0.944 0.997 0.984 0.972 0.996 0.972 1.000 1.000 0.991 0.835 0.904 0.979 0.975 0.967 0.966 0.986 0.916 0.964 0.815 0.996 0.767 0.910 0.235 0.442 0.558 0.529 0.588 0.345 0.980 0.962 0.829 1.000 0.914 1.000 0.990 0.976 0.785 0.867 0.886 0.971 0.910 0.747 0.999 0.248 0.989 0.895 0.915 1 0.909 0.933 0.977 0.870 0.975 0.909 0.982 0.972 0.896
SK05 0.755 0.998 0.753 0.916 0.982 0.922 0.824 0.898 0.972 0.659 0.764 0.811 0.754 0.965 0.998 0.841 0.528 0.701 0.544 0.808 0.729 0.925 0.957 0.780 0.798 0.998 0.868 0.797 0.848 0.716 0.685 0.599 0.517 0.495 0.477 0.940 0.738 0.560 0.637 0.830 0.668 0.641 0.531 0.646 0.971 0.576 0.975 0.811 0.706 0.875 0.596 0.999 0.592 0.704 0.841 0.660 0.766 0.614 0.591 0.772 0.602 0.822 0.959 0.839 0.766 0.813 0.932 0.992 0.579 0.956 0.994 0.849 0.987 0.813 0.974 0.809 0.535 0.998 0.987 0.888 0.699 0.688 0.742 0.814 0.821 0.721 0.875 0.969 0.785 0.942 0.981 0.908 0.920 0.957 0.989 1.000 0.975 0.794 0.985 0.770 0.966 1.000 0.987 0.982 0.942 0.965 1.000 0.619 0.776 0.853 0.835 0.872 0.705 0.807 0.760 0.987 0.903 0.662 0.919 0.842 0.978 0.972 0.580 0.612 0.982 0.653 0.956 0.924 0.629 0.960 0.627 0.664 0.909 1 0.998 0.798 0.996 0.792 0.652 0.971 0.786 0.629
SK06 0.712 0.992 0.793 0.940 0.992 0.944 0.858 0.924 0.985 0.704 0.803 0.846 0.794 0.947 0.991 0.874 0.580 0.744 0.596 0.843 0.771 0.899 0.973 0.818 0.834 1.000 0.897 0.834 0.880 0.758 0.729 0.648 0.569 0.548 0.531 0.960 0.779 0.611 0.684 0.863 0.713 0.688 0.583 0.693 0.984 0.626 0.987 0.846 0.749 0.904 0.645 0.995 0.641 0.747 0.874 0.706 0.805 0.663 0.640 0.811 0.651 0.856 0.975 0.872 0.805 0.848 0.953 0.981 0.629 0.973 0.999 0.880 0.995 0.848 0.987 0.844 0.587 1.000 0.995 0.915 0.742 0.732 0.783 0.849 0.855 0.763 0.903 0.983 0.822 0.961 0.992 0.933 0.943 0.974 0.977 0.997 0.987 0.830 0.994 0.809 0.980 0.999 0.995 0.969 0.961 0.946 0.998 0.569 0.735 0.819 0.799 0.839 0.659 0.842 0.800 0.975 0.928 0.708 0.942 0.874 0.989 0.955 0.630 0.660 0.992 0.700 0.936 0.946 0.579 0.976 0.674 0.709 0.933 0.998 1 0.834 0.989 0.829 0.699 0.984 0.824 0.677
SK07 0.206 0.760 0.998 0.972 0.898 0.969 0.999 0.982 0.917 0.979 0.999 1.000 0.998 0.612 0.754 0.997 0.933 0.989 0.940 1.000 0.994 0.509 0.938 1.000 1.000 0.836 0.992 1.000 0.996 0.992 0.986 0.961 0.928 0.919 0.910 0.956 0.996 0.946 0.973 0.999 0.982 0.974 0.934 0.976 0.919 0.952 0.911 1.000 0.990 0.990 0.959 0.776 0.958 0.990 0.997 0.980 0.999 0.966 0.958 0.999 0.962 0.999 0.936 0.997 0.999 1.000 0.962 0.713 0.954 0.939 0.857 0.996 0.884 1.000 0.913 1.000 0.936 0.833 0.885 0.986 0.989 0.986 0.996 1.000 0.999 0.993 0.990 0.922 1.000 0.954 0.899 0.977 0.970 0.938 0.698 0.791 0.913 1.000 0.889 0.999 0.927 0.809 0.885 0.671 0.954 0.611 0.799 0.021 0.239 0.367 0.335 0.400 0.135 1.000 0.998 0.689 0.980 0.980 0.971 0.997 0.906 0.634 0.954 0.965 0.896 0.978 0.587 0.968 0.034 0.935 0.970 0.981 0.977 0.798 0.834 1 0.744 1.000 0.977 0.919 1.000 0.971
SK08 0.807 1.000 0.695 0.879 0.963 0.886 0.774 0.858 0.949 0.593 0.707 0.759 0.696 0.984 1.000 0.793 0.455 0.638 0.472 0.755 0.669 0.954 0.929 0.725 0.745 0.989 0.823 0.744 0.801 0.654 0.621 0.530 0.443 0.420 0.401 0.908 0.678 0.488 0.569 0.780 0.603 0.574 0.458 0.580 0.947 0.505 0.953 0.759 0.644 0.831 0.526 0.999 0.522 0.641 0.793 0.595 0.709 0.546 0.521 0.716 0.533 0.771 0.932 0.790 0.709 0.761 0.898 0.999 0.509 0.928 0.982 0.801 0.970 0.762 0.952 0.756 0.462 0.990 0.970 0.846 0.636 0.625 0.683 0.763 0.770 0.660 0.831 0.945 0.730 0.911 0.962 0.870 0.884 0.930 0.998 0.997 0.952 0.740 0.967 0.714 0.941 0.995 0.970 0.995 0.911 0.983 0.996 0.683 0.826 0.894 0.878 0.910 0.762 0.754 0.703 0.997 0.863 0.597 0.882 0.794 0.957 0.988 0.510 0.543 0.963 0.588 0.977 0.888 0.692 0.933 0.559 0.599 0.870 0.996 0.989 0.744 1 0.738 0.586 0.947 0.732 0.562
SK09 0.197 0.754 0.998 0.970 0.893 0.967 0.998 0.980 0.913 0.981 0.999 0.999 0.998 0.605 0.748 0.996 0.937 0.990 0.943 1.000 0.995 0.501 0.935 1.000 1.000 0.831 0.991 1.000 0.995 0.993 0.987 0.963 0.932 0.922 0.914 0.953 0.996 0.949 0.975 0.998 0.983 0.976 0.938 0.978 0.915 0.955 0.907 0.999 0.992 0.989 0.962 0.770 0.961 0.991 0.996 0.981 0.999 0.968 0.961 0.999 0.964 0.999 0.933 0.997 0.999 0.999 0.960 0.706 0.956 0.936 0.852 0.995 0.880 0.999 0.909 1.000 0.939 0.828 0.881 0.984 0.990 0.988 0.997 0.999 0.999 0.994 0.989 0.918 1.000 0.951 0.894 0.975 0.968 0.935 0.691 0.785 0.909 1.000 0.885 0.999 0.923 0.803 0.880 0.664 0.951 0.603 0.794 0.011 0.230 0.358 0.326 0.391 0.125 1.000 0.999 0.683 0.978 0.982 0.969 0.996 0.902 0.626 0.957 0.967 0.892 0.980 0.579 0.966 0.024 0.931 0.972 0.982 0.975 0.792 0.829 1.000 0.738 1 0.979 0.916 1.000 0.973
SK10 #### 0.605 0.990 0.901 0.784 0.895 0.967 0.919 0.812 1.000 0.987 0.972 0.990 0.431 0.598 0.958 0.988 0.998 0.991 0.974 0.994 0.315 0.844 0.983 0.977 0.701 0.943 0.978 0.955 0.996 0.999 0.998 0.986 0.981 0.977 0.872 0.993 0.993 1.000 0.964 1.000 1.000 0.989 1.000 0.815 0.995 0.803 0.972 0.997 0.938 0.997 0.625 0.997 0.998 0.958 1.000 0.987 0.999 0.997 0.985 0.998 0.968 0.840 0.960 0.987 0.972 0.883 0.549 0.996 0.846 0.729 0.954 0.766 0.971 0.806 0.973 0.989 0.697 0.767 0.928 0.998 0.999 0.992 0.971 0.968 0.996 0.938 0.819 0.982 0.868 0.786 0.910 0.897 0.844 0.531 0.643 0.806 0.979 0.773 0.986 0.826 0.666 0.766 0.500 0.868 0.430 0.654 -0.191 0.028 0.162 0.128 0.197 -0.078 0.974 0.988 0.521 0.915 1.000 0.899 0.958 0.796 0.456 0.996 0.999 0.782 1.000 0.402 0.893 -0.178 0.839 0.999 1.000 0.909 0.652 0.699 0.977 0.586 0.979 1 0.816 0.981 1.000
SK11 0.575 0.954 0.889 0.986 0.999 0.988 0.936 0.977 1.000 0.820 0.897 0.928 0.890 0.874 0.952 0.947 0.717 0.852 0.730 0.926 0.872 0.806 0.999 0.908 0.920 0.984 0.962 0.919 0.951 0.863 0.840 0.774 0.708 0.689 0.674 0.995 0.879 0.743 0.803 0.940 0.827 0.807 0.719 0.811 1.000 0.756 1.000 0.928 0.856 0.966 0.771 0.962 0.769 0.854 0.947 0.822 0.898 0.786 0.768 0.902 0.777 0.935 0.999 0.945 0.898 0.929 0.992 0.931 0.758 0.999 0.991 0.951 0.997 0.930 1.000 0.926 0.722 0.983 0.997 0.972 0.850 0.843 0.882 0.930 0.934 0.866 0.966 1.000 0.911 0.995 0.999 0.982 0.987 0.999 0.923 0.968 1.000 0.917 0.998 0.901 1.000 0.975 0.997 0.909 0.995 0.873 0.971 0.412 0.601 0.703 0.678 0.728 0.514 0.925 0.894 0.919 0.980 0.823 0.987 0.947 0.999 0.887 0.759 0.784 0.998 0.816 0.858 0.989 0.424 0.999 0.796 0.824 0.982 0.971 0.984 0.919 0.947 0.916 0.816 1 0.912 0.798
SK12 0.188 0.748 0.999 0.968 0.889 0.964 0.998 0.978 0.909 0.983 0.999 0.999 0.999 0.597 0.742 0.996 0.940 0.992 0.946 0.999 0.996 0.492 0.932 1.000 1.000 0.826 0.989 1.000 0.994 0.994 0.989 0.966 0.935 0.926 0.918 0.950 0.997 0.952 0.977 0.997 0.985 0.978 0.941 0.980 0.911 0.958 0.903 0.999 0.993 0.987 0.965 0.764 0.963 0.992 0.995 0.983 0.999 0.971 0.963 1.000 0.967 0.998 0.929 0.996 0.999 0.999 0.957 0.700 0.959 0.933 0.847 0.994 0.876 0.999 0.905 0.999 0.943 0.822 0.876 0.982 0.991 0.989 0.998 0.999 0.998 0.995 0.987 0.914 1.000 0.948 0.890 0.973 0.965 0.931 0.684 0.779 0.905 1.000 0.881 1.000 0.920 0.798 0.876 0.657 0.948 0.596 0.788 0.002 0.221 0.349 0.317 0.383 0.116 0.999 0.999 0.676 0.976 0.984 0.966 0.995 0.898 0.619 0.959 0.970 0.888 0.981 0.571 0.963 0.015 0.928 0.974 0.984 0.972 0.786 0.824 1.000 0.732 1.000 0.981 0.912 1 0.975







Node Level Weight Objects Left son Right son Node Level Weight Objects Left son Right son
283 0.348 142 142 280 282 212 1.000 5 5 179 174
282 0.795 133 133 281 279 211 1.000 5 5 41 195
281 0.920 54 54 278 276 210 1.000 3 3 44 165
280 0.953 9 9 274 275 209 1.000 3 3 24 162
279 0.960 79 79 272 277 208 1.000 2 2 2 15
278 0.973 20 20 271 270 207 1.000 8 8 184 169
277 0.984 41 41 260 273 206 1.000 3 3 4 188
276 0.984 34 34 265 268 205 1.000 5 5 150 175
275 0.985 5 5 269 220 204 1.000 4 4 183 172
274 0.987 4 4 22 261 203 1.000 4 4 178 115
273 0.992 34 34 259 267 202 1.000 2 2 30 86
272 0.993 38 38 263 266 201 1.000 3 3 181 77
271 0.994 8 8 255 257 200 1.000 3 3 36 163
270 0.994 12 12 256 264 199 1.000 2 2 37 83
269 0.996 3 3 249 113 198 1.000 3 3 9 152
268 0.996 21 21 242 262 197 1.000 2 2 39 42
267 0.997 23 23 252 251 196 1.000 3 3 7 170
266 0.997 28 28 235 258 195 1.000 4 4 10 182
265 0.997 13 13 246 254 194 1.000 3 3 51 154
264 0.998 8 8 238 253 193 1.000 3 3 26 167
263 0.998 10 10 248 224 192 1.000 2 2 31 82
262 0.998 14 14 212 243 191 1.000 4 4 64 155
261 0.998 3 3 250 112 190 1.000 3 3 46 158
260 0.999 7 7 233 236 189 1.000 3 3 171 125
259 0.999 11 11 239 245 188 1.000 2 2 93 119
258 0.999 20 20 241 234 187 1.000 2 2 6 128
257 0.999 4 4 247 127 186 1.000 3 3 47 160
256 0.999 4 4 71 193 185 1.000 2 2 32 61
255 0.999 4 4 104 244 184 1.000 5 5 144 166
254 0.999 9 9 218 231 183 1.000 2 2 49 54
253 0.999 4 4 52 230 182 1.000 3 3 168 132
252 0.999 11 11 240 237 181 1.000 2 2 17 43
251 0.999 12 12 229 223 180 1.000 2 2 60 100
250 0.999 2 2 110 111 179 1.000 3 3 70 148
249 0.999 2 2 1 109 178 1.000 3 3 11 156
248 0.999 4 4 80 225 177 1.000 2 2 131 142
247 1.000 3 3 145 122 176 1.000 2 2 58 124
246 1.000 4 4 67 200 175 1.000 2 2 98 138
245 1.000 5 5 228 202 174 1.000 2 2 63 130
244 1.000 3 3 68 217 173 1.000 2 2 107 134
243 1.000 9 9 226 232 172 1.000 2 2 18 81
242 1.000 7 7 214 189 171 1.000 2 2 5 91
241 1.000 12 12 221 207 170 1.000 2 2 62 85
240 1.000 4 4 38 190 169 1.000 3 3 147 114
239 1.000 6 6 204 192 168 1.000 2 2 56 118
238 1.000 4 4 102 222 167 1.000 2 2 78 135
237 1.000 7 7 215 176 166 1.000 3 3 157 84
236 1.000 5 5 33 227 165 1.000 1 1 0 0
235 1.000 8 8 143 219 164 1.000 1 1 0 0
234 1.000 8 8 205 209 163 1.000 1 1 0 0
233 1.000 2 2 34 35 162 1.000 1 1 0 0
232 1.000 5 5 101 213 161 1.000 1 1 0 0
231 1.000 4 4 216 164 160 1.000 1 1 0 0
230 1.000 3 3 208 137 159 1.000 1 1 0 0
229 1.000 8 8 211 210 158 1.000 1 1 0 0
228 1.000 3 3 21 199 157 1.000 1 1 0 0
227 1.000 4 4 19 201 156 1.000 1 1 0 0
226 1.000 4 4 186 121 155 1.000 1 1 0 0
225 1.000 3 3 27 153 154 1.000 1 1 0 0
224 1.000 6 6 151 191 153 1.000 1 1 0 0
223 1.000 4 4 197 177 152 1.000 1 1 0 0
222 1.000 3 3 96 173 151 1.000 1 1 0 0
221 1.000 4 4 40 196 150 1.000 1 1 0 0
220 1.000 2 2 108 129 149 1.000 1 1 0 0
219 1.000 6 6 180 203 148 1.000 1 1 0 0
218 1.000 5 5 206 187 147 1.000 1 1 0 0
217 1.000 2 2 95 116 146 1.000 1 1 0 0
216 1.000 2 2 8 117 145 1.000 1 1 0 0
215 1.000 5 5 194 185 144 1.000 1 1 0 0
214 1.000 4 4 99 161 143 1.000 1 1 0 0




























































































1 2 3 4
1 0 5.139 8.289 7.242
2 5.139 0 4.012 2.263
3 8.289 4.012 0 2.171
4 7.242 2.263 2.171 0
 
 
Results by class: 
 
  
Class 1 2 4
Objects 9 20 34
Sum of weights 9 20 34
Within-class variance 3.154 0.817 0.228
Minimum distance to centroid 0.123 0.060 0.045
Average distance to centroid 1.443 0.763 0.413
Maximum distance to centroid 2.729 1.635 0.798
CY01 CY02 CY03 MD33 CY04
LB01 JO03 HT02 MD34 CY05
SG01 JO04 HT05 MD35 HT01
SG02 MD02 HT06 MD36 HT03
SG03 MD28 JO01 MD37 HT04
SG04 PP07 JO02 PP01 LB02
SG05 PP10 KU01 PP03 MD12
SG06 RA02 KU02 PP04 MD21
SI16 SE02 KU03 PP05 MD23
SE03 KU04 PP08 PP02
SE09 KU05 PP11 PP06
SE11 KU06 PP13 PP09
SE13 LB03 PP15 PP12
SE14 MD01 RA01 PP14
SI03 MD03 RA04 RA03
SI09 MD04 RA05 RA12
SI14 MD05 RA06 RA14
SK05 MD06 RA07 RA15
SK06 MD07 RA08 RA16






























A.2.2 Summary statistics of Singapore’s subtidal coral reefs  
 
  
Origin Location Reef Type Status Reef Name Estimated Reef Length (m) Est. Reef Belt Above Crest (m) Est. Reef Belt Below Crest (m) Estimated Reef Area (km2)
Natural Offshore Patch Unverified Beting Bemban Besar Complex 3434 3 5 0.0275
Natural Offshore Patch Verified Busing Beacon 283 3 5 0.0023
Natural Offshore Fringing Verified Kias Island Extension 1108 3 5 0.0089
Artificial Offshore Fringing Unverified Kias Island Extension - Causeway 281 2 8 0.0028
Natural Offshore Fringing Verified Kusu Island 1754 8 5 0.0228
Natural Mainland Fringing Verified Labrador Nature Reserve 371 5 3 0.0030
Natural Mainland Fringing Verified Labrador Park 949 3 5 0.0076
Natural Offshore Patch Verified Lazarus Island 2598 3 5 0.0208
Natural Offshore Patch Verified Midway Reef 205 0 5 0.0010
Natural Offshore Patch Verified Pandan Beacon 608 3 5 0.0049
Natural Mainland Fringing Unverified Pasir Panjang Ferry Terminal & surrounds 389 5 3 0.0031
Natural Offshore Fringing Verified Pulau Berkas 1921 5 5 0.0192
Natural Offshore Fringing Verified Pulau Biola 1231 5 5 0.0123
Natural Offshore Fringing Verified Pulau Bukom Complex 9712 3 5 0.0777
Natural Offshore Patch Verified Pulau Busing Complex 2280 3 5 0.0182
Natural Offshore Patch Verified Pulau Hantu 2816 6 5 0.0310
Natural Offshore Fringing Verified Pulau Jong 1034 5 5 0.0103
Natural Offshore Fringing Verified Pulau Keppel 177 3 3 0.0011
Natural Offshore Fringing Verified Pulau Pawai 5714 10 6 0.0914
Natural Offshore Fringing Unverified Pulau Salu 1597 7 5 0.0192
Natural Offshore Fringing Verified Pulau Satumu - Raffles Lighthouse 715 8 5 0.0093
Natural Offshore Fringing Verified Pulau Sebarok 3440 3 5 0.0275
Natural Offshore Fringing Verified Pulau Semakau 4453 5 5 0.0445
Artificial Offshore Fringing Verified Pulau Semakau - Seawall 5899 2 8 0.0590
Natural Offshore Fringing Verified Pulau Senang 5573 10 6 0.0892
Artificial Offshore Fringing Verified Pulau Seringat 672 2 8 0.0067
Natural Offshore Fringing Verified Pulau Seringat 1690 3 5 0.0135
Natural Offshore Patch Verified Pulau Subar Darat 901 5 5 0.0090
Natural Offshore Patch Verified Pulau Subar Laut 1213 5 5 0.0121
Natural Offshore Fringing Verified Pulau Sudong 7489 10 6 0.1198
Natural Offshore Fringing Verified Pulau Tekukor 1734 3 5 0.0139
Natural Offshore Fringing Unverified Renget Island Extension 1086 3 5 0.0087
Natural Offshore Fringing Unverified Sebarok Beacon 118 3 5 0.0009
Natural Offshore Fringing Verified Sentosa 10909 3 5 0.0873
Natural Offshore Patch Verified Sentosa 2509 3 5 0.0201
Natural Offshore Patch Verified South Cyrene 870 3 5 0.0070
Natural Offshore Fringing Verified St John's Island 3328 4 5 0.0300
Natural Offshore Patch Verified Terumbu Bemban Complex 3514 3 5 0.0281
Natural Offshore Patch Verified Terumbu Berkas Besar 2492 4 5 0.0224
Natural Offshore Patch Unverified Terumbu Berkas Kechil 538 3 5 0.0043
Natural Offshore Patch Verified Terumbu Bukom 1063 3 5 0.0085
Natural Offshore Patch Unverified Terumbu Buntal 116 0 5 0.0006
Natural Offshore Patch Verified Terumbu Buran Complex 1645 3 5 0.0132
Natural Offshore Patch Verified Terumbu Busing 640 3 5 0.0051
Natural Offshore Patch Verified Terumbu Hantu Complex 816 3 5 0.0065
Natural Offshore Patch Verified Terumbu Jambi 916 3 5 0.0073
Natural Offshore Patch Verified Terumbu Menalung 600 3 5 0.0048
Natural Offshore Patch Verified Terumbu Palat Besar 324 3 5 0.0026
Natural Offshore Patch Verified Terumbu Palat Kechil Complex 344 3 5 0.0028
Natural Offshore Patch Verified Terumbu Pandan 3045 3 5 0.0244
Natural Offshore Patch Verified Terumbu Pawai Besar 288 3 5 0.0023
Natural Offshore Patch Verified Terumbu Pawai Kechil 254 3 5 0.0020
Natural Offshore Patch Verified Terumbu Pemalang Complex 1060 4 5 0.0095
Natural Offshore Patch Verified Terumbu Pempang 499 3 5 0.0040
Natural Offshore Patch Verified Terumbu Pempang Darat Complex 2099 3 5 0.0168
Natural Offshore Patch Verified Terumbu Pempang Kechil 410 3 5 0.0033
Natural Offshore Patch Verified Terumbu Pempang Laut 2648 3 5 0.0212
Natural Offshore Patch Verified Terumbu Pempang Tengah Complex 2347 3 5 0.0188
Natural Offshore Patch Verified Terumbu Pempang Tengah Kechil 615 3 5 0.0049
Natural Offshore Patch Verified Terumbu Raya 2419 3 5 0.0194
Natural Offshore Patch Verified Terumbu Salu 2048 5 5 0.0205
Natural Offshore Patch Verified Terumbu Salu Kechil Complex 1228 5 5 0.0115
Natural Offshore Patch Verified Terumbu Selegi 656 0 5 0.0033
Natural Offshore Patch Verified Terumbu Semakau 2183 3 5 0.0175
Natural Offshore Patch Verified Terumbu Senang Besar 907 3 5 0.0073
Natural Offshore Patch Verified Terumbu Senang Kechil 441 3 5 0.0035
1.2396Total Subtidal Reef Area
 
 
A.2.3 Visual basic macro script (Microsoft Excel 2007) for extracting PIT 
data intervals from LIT data (written by Toh Kok Ben, Reef 
Ecology Laboratory)  
Sub sortSheet (step As Double, name As String) 
   Dim i, j, n 
   Dim id, repIndex, transect 
   Dim sht1 As Worksheet 
   Dim row As Integer 
   Dim colNum As Integer 
    
   Set sht1 = ThisWorkbook.Sheets(name) 
 
   If step = 10 Then colNum = 17 
   If step = 20 Then colNum = 28 
   If step = 25 Then colNum = 39 
   If step = 50 Then colNum = 50 
   row = 2 
    
   ' Write title 
   sht1.Cells(1, colNum).Value = sht1.Cells(1, 1).Value 
   sht1.Cells(1, colNum + 1).Value = sht1.Cells(1, 2).Value 
   sht1.Cells(1, colNum + 2).Value = sht1.Cells(1, 3).Value 
   sht1.Cells(1, colNum + 3).Value = sht1.Cells(1, 4).Value 
   sht1.Cells(1, colNum + 4).Value = sht1.Cells(1, 5).Value 
   sht1.Cells(1, colNum + 5).Value = sht1.Cells(1, 6).Value 
   sht1.Cells(1, colNum + 6).Value = sht1.Cells(1, 7).Value 
   sht1.Cells(1, colNum + 7).Value = sht1.Cells(1, 9).Value 
   sht1.Cells(1, colNum + 8).Value = sht1.Cells(1, 11).Value 
   sht1.Cells(1, colNum + 9).Value = sht1.Cells(1, 12).Value 
    
'******************************************** 
'   For n = 1 To 5 
'   For i = 1 To 210 
'   If step * i > 2000 Then GoTo continuen 
'     location = i * step 
' 
' 
'     For j = 2 To 800 
'       If sht1.Cells(j, 1) = "" Then GoTo continuei 
'         id = sht1.Cells(j, 1) 
'         repIndex = sht1.Cells(j, 2) 
'         transect = sht1.Cells(j, 3) 
'         ben = sht1.Cells(j, 4) 
'         fieldCode = sht1.Cells(j, 5) 
'         size = sht1.Cells(j, 6) 
'         occur = sht1.Cells(j, 7) 
'         covered = sht1.Cells(j, 9) 
'         under = sht1.Cells(j, 11) 
'         frame = sht1.Cells(j, 12) 
'         If transect >= location And repIndex = n Then 
' 
'            sht1.Cells(row, colNum).Value = id 
'            sht1.Cells(row, colNum + 1).Value = repIndex 
'            sht1.Cells(row, colNum + 2).Value = location 
'            sht1.Cells(row, colNum + 3).Value = ben 
'            sht1.Cells(row, colNum + 4).Value = fieldCode 
'            sht1.Cells(row, colNum + 5).Value = size 
'            sht1.Cells(row, colNum + 6).Value = occur 
'            sht1.Cells(row, colNum + 7).Value = covered 
'            sht1.Cells(row, colNum + 8).Value = under 
'            sht1.Cells(row, colNum + 9).Value = frame 
'            row = row + 1 
'            GoTo continuei 
'         End If 
'      Next j 
'continuei: 




'     row = row + 1 'skip a row 
'     Next n 'loop throug replicate 
' 
'finish: 
'  Set sht1 = Nothing 
'*********************************************** 
    i = step 
    j = 2 
    n = 1 
     
    Do While j <= 800 
        id = sht1.Cells(j, 1) 
        repIndex = sht1.Cells(j, 2) 
        transect = sht1.Cells(j, 3) 
         
        'Exit while entry ends 
        If id = "" Then Exit Do 
         
        'Converting old datasets to new format 
        If transect Mod 2000 = 0 Then 
            transect = 2000 
        Else 
            transect = transect Mod 2000 
        End If 
         
        'Checking replicate 
        If repIndex <> n Then 
            n = repIndex 
            i = step 
        End If 
     
        If transect >= i Then 
            sht1.Cells(row, colNum).Value = id 
            sht1.Cells(row, colNum + 1).Value = repIndex 
            sht1.Cells(row, colNum + 2).Value = i 
            sht1.Cells(row, colNum + 3).Value = sht1.Cells(j, 4) 
            sht1.Cells(row, colNum + 4).Value = sht1.Cells(j, 5) 
            sht1.Cells(row, colNum + 5).Value = sht1.Cells(j, 6) 
            sht1.Cells(row, colNum + 6).Value = sht1.Cells(j, 7) 
            sht1.Cells(row, colNum + 7).Value = sht1.Cells(j, 9) 
            sht1.Cells(row, colNum + 8).Value = sht1.Cells(j, 11) 
            sht1.Cells(row, colNum + 9).Value = sht1.Cells(j, 12) 
            row = row + 1 
            i = i + step 
        Else 
            j = j + 1 
        End If 
    Loop 
     
    Set sht1 = Nothing 




    Dim sht As Worksheet 
   
    Set sht = Sheet1 
    sortSheet 10, sht.name 
    sortSheet 20, sht.name 
    sortSheet 25, sht.name 
    sortSheet 50, sht.name 
    MsgBox "Done!" 
End Sub 
